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‘SHOCK PRESSURES EXERTED BY BREAKING waves 


or 


The results of | the studies from April, 1956 to ee of the shock — 


exerted by breaking. waves on composite - type breakwaters are pre- 
sented. 


the breakwaters, the velocities of water particles in the breakers, and the be- 
_ havior of air bubbles entrained in them, were clarified by the synchronised 
Zz of a 16 mm high — man pea at 3,000 frames per sec and an elec- 


formula for the prediction of the maximum 


_ Such hitherto unknown problems as relationships between wave pro- a 
files and pressures from instant to instant in plunging of breaking waves into 


- §$ince the prediction of shock-pressures exerted by breaking waves ay 4 


& a breakwaters is the most important thing to be known for the design of break- — 
: Bie a waters, the problem has been studied by a number of harbor engineers and = 


si a Note.—Discussion open until November 1, 1960. To extend the closing date one 
5 - month, a written request must be filed with the Executive Secretary, ASCE. This paper _ 
is part of the copyrighted Journal of the Waterways and Harbors Division, Proceedings — 
Re of the American Society of Civil Engineers, Vol. 86, No. WW 2, June, 1960, aang 


1 Prof. of River and Harbor or Engrg., Dept. of of Civ. of 
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several decades in nature as well as — 
a _ parts of the world. But very little information has been availal 


sure that both safe and economical designs are obtained, being established on 
the basis of a sufficient number of practical or -experim mental data. 
_ The author has been studying this subject since 1956 and the piliitinaty < 
ase still under way. Over two thousand tests of the shock pressures exerted _ 
__ by breaking waves on the vertical walls of ‘composite - }-type breakwaters by th 
a use of two or three wave-pressure- gauges have been n performed, and the be 
havior from instant to instant of the breaking waves plunging against the 


the betw een | the wave pressures and the configur 


- hand, the mechanics of the shock pressures was also studied theoretically 
é From the results of the theoretical considerations and the experimental data, — 
the new formulas of the maximum shock pressure a: 
; tribution of maximum simultaneous shock | pressure 


iroi's to I. Hiroi’ the ir ‘the pres- 


: exerted by breaking waves on breakwaters are expressed by the equa- 
ae tion, p = 1.5 Wo H, in which w, represents the unit weight of water and H is % 
a the wave height. The pressure expressed by Hiroi’s formula corresponds to a 
_ dynamic pressure exerted on a vertical wall by the fall velocity and oo 
— velocity of a water particle when the water particle falls down on = = 
still water surface at an angle of 45° from the breaking wave crest. _ This 


formula has been used | for | about forty years in Japan. for the calculation of the 


Ploying the conventional equation, P =p- h, in which the height from the 
_ top to the bottom of the vertical wall ofa breakwater. | are is seen from this 


is ‘assumed that the shock ‘pressures are distributed 


a generally heen constructed as high as 2mto 2.5m above the high water all 


~ of the ordinary spring tide. Owing to the experimental results, it was Pee 


that th the values of P determined by the conventional method were acceptable in. 


_constructedin Japan. = 


Larras' Experiments. Larras probably, gave the information 
concerning the time variation of shock pressures exerted by breaking waves | 


2 The Force and Power of Waves,” by Is fen wap Engi gineering, / August, 1920. di. 
3 “Le déferlement des” lames sur les _jetee Ponts et 


le in regard to 
— asurements in seas, because of the difficulties in the experiments and [im 
ual measurements due to the high intensity and instantaneousness of the 
—_— ck pressures. To the author’s knowledge, it seems that there exists no — ,. a 
accepted formula which is available with sufficient confidence to in- 
i. 
F 
Were by means of a 16 mm high speed movie taken at 
_3 000 frames per sec in svn onism wi ire gauges. Onthe other 
.&§ — 
— 
— 
wil 
— 
 g§umption Was oDtaine rom actual experience ina number oO! 
 * 
— 
roximation tor such 10w Composite-type breakwaters as have been 
— 
— 


on vertical walls built on 
experimental wave tank were theta same ‘types as these‘ Sa in 
Berens Study. 4_R, A. Bagnold measured the shock pressures of break- 


4 ing waves exerted on on a vertical wall | bya a single wave made to raberes by means” 
shock pressures the characteristics of waves, as well as the vertical dis-_ 
- tribution of pressure. After assuming that the shock pressure is caused = 3 
an adiabatic compression of the cushion of air enclosed between a vertical 
Wall and the front face of a breaking wave, he established an equation which “ 
4 describes the relationships between the shock pressure and time. It was i. 
proved, theoretically as well as empirically, that his equation did not truly 
Minikin's Equation.© —Using Bagnold’s assumption, R. R. Minikin derived 
Pia the following equation for maximum shock pressures in ‘eas per sq m — . 


cal wall in the same occurrence as  Pmax, to 
i 


in which is a pressure ata distance y above wider t 1 
considered to be inadequate in its and Eqs. 1 and 2. 
"seem to have been derived mostly from Minikins experience with damage in ee 
actual breakwaters. As will be shown later, the author’s experimental results 
proved that the values calculated by Eq. s from the experimental | values were 
within + 60% for the ordinary shock-pressures of breaking waves, but Eq. “ie 
ndicated very great discrepancies | for the extraordinary high shock-pres- “ 
sures. The pressure-d' -distribution by 2 = the same as = 4 


‘Pmax. 


in the first in right hand side of Eq. 2 expresses 
Wave-pressure and the second the hydrostatic to 


Interim Report on Wave-Pressure Research,” by R. A. Bagnold, Journal of wae 
Inst. of Civ. Engrg., Vol. 2, 1938-1939. 
= Interim Report, Proceedings, 5th Conference of Coastal Engrg., Japan, | Novem- 
s, Waves and Maritime ” by R. R. Minikin, London, 1950. 


be 
— 
7 
aq 
occur always at the still water 
__He assumed the maximum pressure Pmax. exerted on the verti- 
— 
if 
wall, P, is calculated by the equation q 
— 
— 
= 


‘The were carried out in a concrete channel with an overal 


ratory of the Osaka City University, | as shown in Fig. 1. In order to permit 

_ visual observation as well as photographic measurement, the one side of the — 

bi wave channel in the neighborhood of © breakwater-models was made of 10-mm 

plate- glass. ‘The experimental waves were "generated by a flap- -type wave- 
generating machine, and the periods of the waves were changed © T=1.2t01.3 
sec., 1.5 to 1.6 sec and ‘1.9 to 2.0 sec., the heights H = 6 to 22 cm. , and the | 


lengths: L: = 2.0 to 4.5 m. _ These waves were made tot reak in front of the 


3 breakwa ers to the by tl the slopes of 
rubble- mound which were. constructed with wood in the inclination to the — 
horizontal bottom of 1: 3, and l:5 as the foundation of the vertical walls. 

‘The period, length, and height of the waves were measured by three electric ae 
wave- height | gauges located at spaces of two and three meters as shown in 
‘Fig. 1. The measurement of the shock- -pressures of breaking waves were e per- 
formed by the use of the two or three strain-gauge type pressure- -recorders 
specially for this experiment in laboratory in 1953. The pres- 


sure- meter, were which have a -bronze thin circular of a 4-cm 


occurring within 500 sec. 


— 
— 
— 
© 
— ve Heist Recorder 
— 
— 
iii 
— — 
— Pe. 
4 
— — 
— sgXh 
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(that is front of the vertical wall) with trout of 1:2 and 1: 3, 
easier than in the case when the was: located 


water depths used in the experiments are summerised in Table a” ¢°7* gd 
Experiments of: Solitary ave.- —As | the breaker of a solitary wave has been 


periments concerned “with breaking solitary wave were performed inthe 
" wave channel as shown in ‘Fig. 1. In order to compare t the behavior of oe tana hes 


OF 


66 ~ 0.44 40 


the 


simultaneous | pressures those in the | pres -water waves were 
examined. 


The solitary waves with a height of H = 15.5 cm anda wave cerelity — 
-  _a 30 m per sec were made to break in front of the vertical ‘Walls by the 
-mound, which had top: of a 20-cm horizontal width and a 1: 10° front 
slope. The experiments of a solitary wave were confined to only two cases 
. Het where the depths in front of the vertical wall, hy = 4.4 cm and 6.4 cm, and the aa 


a the horizontal bottom of = e channel, ho = 41.4 cm. 


BEHAVIOR OF BREAKING WAVES: PLUNGING INTO. BREAKWATERS 

Ri: Configuration of the Water Surface of Breaking Wesies’ before and after. Striking 


Case of Shallow-Water Waves. —The behavior and configuration of the 
water surface before and after breaking waves plunged into the breakwater- 
aS models as shown in Fig. 1 (c) were studied by the useofa 16 mm high speed es 


Pes ‘the: water depths shown as follows: 
pr 11.7 cm, hy + hg = ho = 48.7 cm, 


if — 
RY ; a when the slope of the rubble mound was 1:5, most waves broke asa [iim 
— 
wall, the relationships between the shock-pressures and the character- { 
istics of the solitary wave as well as the vertical distribution of the maximum 
8 TABLE 1,-SHAPES OF BREAKWATERS AND WATER DEPTHS 
—- 
10 =| | 40 | 0,231 ~ 0.50, ~ 1.70 
~38 | | 40~57 | 0,075 ~0.351° 030~1.0 
— 
1.5 sec, H=15cm, L= 264, 
sure-gauge located at 5.7cm 


E ws Ppeak = = 43 , 59, and 75 gr per sq omni. en pressure recorded at ee 
7.7 em below SWL = Ppeak * 66, 45, and 61 gr per sqcm. ter 
ne hy = 13.7 cm, hy = 50.7 cm, T = 1.25, 1.38, and 1.67 sec, H = eon 
220, 934, and 317 cm, peak pressure recorded at 10 cm below ytd 
2 to 67 gr per sq cm, the maximum pressure = siti ; 


shallow-water waves struck against the vertical walls of breakwater- 

models as plunging breakers, accompanied by spray 1m to 1.5m high, 


ne In the experiments of shallow- water waves, the measurement of pressure — 
wave- ~characteristics, as as the were performed 


A vertical wall. The fifth wave in aseries of generated waves aageare: to satisfy 35 
“Fig. 2 shows t the water surfaces or wave-profiles of the fifth ave at inter- 22 
vals of 1/10 sec obtained from the frames of the high speed movie taken for — ae 
the sone indicated as (a). The paths of motion of water particles are also — 
shown and Te = 1. 5 sec, L: 272 cm, and H = 15cm. As is seen in Fig. 2 , after 


coming fifth wave on the slope of the base-mound, it makes the wave-front of | 
fifth wave a bow- -shaped curve with its lower part descending quickly do —- 


— 
— | 


* : the slope and its upper part pushing up the top of the fifth w. wave. At the in- ae 
Am 


stant when the fifth wave-crest reached the highest point as possible as it can 


a 


-s oe: . Then the wave-front ran up to 


rise and the wave- -trough reached the lowest point, the wares -front stops to 


» indicating a from to the wave- ~crest, Hy = 20 cm and a 4 


= 


These s of the ratios. trom’ of 
= 0.75 and = 0.25 obtained generally in breaking 


on long and gentle slopes. _ It seemed in general that relationships among the — 


hele of breakers, H),, the depth at the point o of breaking, hp, and the height of c- 


deep- water waves, Ho, in the breaking waves caused on such short and steep ae 
slopes as used in this experiment were comparatively different from those in a 
breaking waves on long and gentle slopes. 
+ After the wave-front progressed to the locations 
a shown in Fig. 2, at intervals of 1/10 sec, ‘toward the vertical wall , the wave — 
broke nd gave the hardest blow against the wall at_the location of the wave- 
t ran \ an t intervals 1/10 O sec 
along the ‘vertical wall, , and then went down to (8), and (0). 


number of air bubbles were observed in the ees thre, 


x and after the breaking, but | the phenomenon, in which +h those air bubbles were ‘3 F 


‘compressed in the waves or the appreciably large masses» of air were en- 


closed and pressed between the wave-front of the breaker and the os 3 &§ . 
ea wall, could not be found notwithstanding Bagnold’s assumption. ee 


= < the case of the waves indicated as (b), the shapes of the wave-profiles of 


‘breakers before and after striking against: the vertical wall are nearly the — 


same as in the case of the (a) waves, and the compressing of 


bubbles or air-bodies could never be observed 

Case of Solitary Waves.—The behavior of a a solitary | with a height 
= 15.5 cm and a wave celerity of w = 230 cm per sec which broke in front “ 

struck against the vertical wall of a breakwater - -model, founded | on a 
ae mound with a top of 20-cm width, a s seaward ‘slope of 1:10, and a height of Bi 

— hg= 37 cm, was studied in a depth of h,; = 4.4 cm by the use of a 16 mm high { 

speed movie in order to compare it with the behavior of a breaking waves in i 

shallow- -water. The solitary wave produced the maximum | pressure Pmax = 

gr per sq cm slightly above the still water eure? by fully breaking just be- 


Fig. 3 shows the state of the profile of a breaking wave at 


instants at intervals of 1/10 sec and hy = 4.4cm, andH=15.5cm. At an in- 


- Pee ‘stant when the water surface of the breaking solitary wave came to the loca- 


‘ tion s shown by: a (M) 1 line in Fig. 3, the wave pressure indicated | the maximum — 


value lines ----, and OF show the water surface cor- 


-respondi to the times , 4), ----, and (7) in Figs. 9 (a) and (b). ‘The 
ines @), 6) 0 (0), and ‘the. descending state of the” water surface. 


Sere to these f figures, it is seen that the beginningo of the | pressure- -action 


I ati later on the upper pressure-gauge than on the lower one; on the con- a 


trary, the peak pressure acts earlier on on the lower 


), Hy = 34 cm, therefore t 
— 
«| 
| 
% 
— 4 
4 
q 
{ 


it seeme 


losed between the wave front and the vertical wall. Nevertheless, the a. 
graphs of the high speed movie could not confirm the enclosure of the masses ~ y 
of air as well as the compression of air bubbles entrained in the breaking _ 


Wave Cerelity and Water- Particle: elocity just before after Striking 


‘in | front of and struck . ee the breakwater-model are shown in Fig. 2. a 


of water particles it in the breakers before and after shallow- water waves broke © | 
--, and@) show the water surfaces of a plunging 


4 Fig. 2 it was s found ‘that just before the br eaking wave struck against the v ver- 


_ tical wall, the wave celerity reached the maximum value, and the horizontal 


wa component of the maximum wave celerity | reached 200 cm per sec which ~ 
slightly greater than w= = 182 cm Per sec at the horizontal bottom of the chan-— 


The paths and velocities of the motion of w water particles in the | 
waves were measured by the use of the high speed movie, by throwing into the a 
breakers small spheres made of synthetic resin with diameters of 1.5 cm 


1.9 cm and specific weights of 1.00 to 1.12. The results are shown Ld oh ms 


Table 2 indicates that the of the s synthetic resin particles 
ib the maximum value just before ¢ or after the breaking waves struck against the 


— 
| 


with the water of a thickness of several ‘running up along the 
tical wall. The path of motion of the A resin-particle shown in Fig. 2appears 
o show an elliptic orbit of an underwater particle situated at the back side of > 
j the breaking wave. The velocity of the A particle from 1 to 2, ug = 36 cm per 
re sec can compare favorably with the theoretical maximum horizontal velocity 
of a water particle on an elliptic orbit at the location, Umax. 31cm per sec 


seas But the velocities from 2 to 3 and from 3 to 4 are prnage than the theoreti: 


2 _ Thec Case of of a ‘Solitary Wave. —The behavior of the breaking of a solitary te 
: wave is comparatively different, as shown in Fig. 3, from that of a shallow- = 
— wave, the nature of a solitary wave is ‘ever su- 


‘Velocity y of Particle, x 
_in cm per | 


aoscrn @ 


@ 


8 
1S, 


ve 


ee 


@ 
G) 
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perimposed with a retrogressive vertical wall, and the 


‘From Fig. 3 it is known that just before striking against the vertical wall, hs 
the « celerity of the solitary wave front reached the maximum value 220 to 230 
cm per sec | which coincided with the wave celerity before breaking, w = 230 a 
cps _ em per § sec. _ The velocities of the synthetic resin particles at the various lo 2 
a cations of the breaking solitary wave are presented in Table 3. 2 As is seen in | 
“Fig. 3, the particles in front of the vertical wall indicate only a slight motion, 4 
and this is considered to be the result of no retrogressive wave reflected — 
“from the wall. 9 Figs. 4 and 5 show ) the ste state e of th the breaking solitary wave 
- ghown in Fig. 3 at instants when the wave pressure began to act on the. pres- er 
sure-gauge and when the reached the maximum value respectively. 


| 
3 OF RESIN PARTICLES INA 
‘RVED VELOCITIES OF IN FIG 
ERVE E SHOWN IN | 
— WAVE SHOWN 
— 
— 


une, 1 960 


wave from oscillograms are in Fig. 1 (a) and (b), 
in which the lines ©, ®, corresponds to the water surfaces(1), ©, @), 

_ ghown in . Fig. 2, respectively. The curve of Fig. 6 (a) is the record on a low- 
er pressure-gauge located at 7.9 cm below SWL, and the curve of Fig. 6 (b) 
is the record on an upper pressure- -gauge located at 5.3 cm below SWL. Ihe 

a From Figs. 2. and 6, it is known that the wave /e pressure | "begins to act at an 

- instant when the breaking wave comes in contact with the pressure-gauge, and 


reaches | the peak value a at a very short interval of f approximately 1/30 sec to 


‘Fig. 7 shows the state ofa dovinteese wave in Fig. 2 at an instant when the ve 


wal 


Velocity of Particle, 


Particle in cm per 


oas 


62 


| 


2 


breaking wave e at : an . instant : when the pressure reached the. maximum he for 
a shallow water wave in Fig. 2. From studies due to synchronizing the oscil- : 
connected to 3 pressure- gauges, with the high speed movie, it was 


i Case of a Solitary Wave. — Figs. 9 (a) and (b) show the time- vltation 


ean 0. 6 cm belo. SWL and an upper gauge located 2.0 cm above SWwL re 
spectively. ‘The | peak pressures in Figs. 9 (a) and (b) are Ppeak 95grpersq 
cm and 89 er per sq cm respectively, and the maximum pressure, Pmax = aaa 
y q gr per sq cm, which occurred at 4.0 cm above SWL. According to Fig. 9, = cae 
wave pressure begins to act t on the lower pressure-gauge 3/120 sec earlier © 


than | on the upper pressure- 2%: On the contrary, the Pealk ee occurs | 


of Breaking Waves at me Mstant Of 
- 
| 
— 
— 


8 
“INSTANT WHEN WAWVE PRESSURE: BEGAN TO ACT. 
| | 
— oc, 


broke in front of and a vertical wall, the peak pressure oc- 
curred the earliest at a location in which the breaking wave-crest | struck f ‘ 
against the wall, the peak pressure at the location was the maximum 


RECORD ON A LO 


ss 


RECORD ON AN UPPER G GAGE 


SURE- TIME CURVES OF THE BREAKING xo WAVE 


water breaking waves, _indicating 70 to 100 ¢ gr per sq cm >m even 
distance of a wave- height 15.5 cm above | SWL for the maximum 


movie and the oscillograph 
_sults obtained in synchronism with t 
— 
slightly above SWL against the le, in Fig. 9 it occurred at 
lightly above SWL. For example, in Fi ove SWL did not de- 
— i — 
above SWL. The peak p 
— 


dat 
1. INSTANT WHEN W PRESSURE BEGAN TO 


i FIG. 8. PRESSURE INDICATED MAXIMUM VA LUE. 


— 
— — 
= 


the wall. per sqcm. The facts above show t that 
behavior of breaking solitary wave a breakwater 


a base- Owing to. 


2) LOWER PRE 


FIG, 9. ~PRESSURE- TIME 
bth A SOLITARY WA 


strikes against the vertical wall. it is considered all of 
_ the water volume — transported toward the breakwater by the breaking wave 
“ runs up with a | thin layer of water along the vertical wall. _ The ie velocity of 


‘ movie camera and the ¢ oscillograph as as V, 


— — — 
fy of Water ‘of a shallow-water wave appr 
“breaker of the trough of of — 
iit 
— 
Wall easured by the u | per sec, which 


as the thickness of the running up water - “layer. 


an average value of the 


‘spray is 3 obtained: = 0 m. 


Pressure-Time Curves of Breaking Waves. 
Kinds of Waves Striking Against Breakwaters. —The configuration of waves” 
os enue when breaking against breakwaters changes in a wide range , depend- 4 
ing on the types of breakwaters, the characteristics of waves, and the ratio of 
a water depth in front of a vertical wall to a wave height, “hy/H, and « can be 
approximately into three categories as follows: 


Perfect breaking wave. This is a typical type of breaking wave 


when waves break perfectly just before and strike against the vertical walls 
: of a breakwater. This type of a breaking wave produces an instantaneous and 
_ severe shock-pressure on the vertical wall, accompanied by high spray eee 
contains a comparatively small quantity of water. : 
Partial wave. This type ofa breaking wave is observed when 
ie ofa wave- -crest breaks in front of the wall, or when a | wave with 1 the appear - a 
ance of a non- breaking wave plunges into the wall, as as if it w were a jet flow. 
2 
ri oe _ This type includes all kinds of breaking waves fromthe perfect breaking wave as 
Clapotis. This means a standing wave, which is a kind of non-breaking 
ad wave. _ The condition in which a standing wave is produced in front of the ver-_ 
= wall of a breakwater was obtained for the steepness of a wave from the ne 


Re a peak value at a short interval of + 30 to 1/60 sec after the beginning er + 
pressure- -action, and drops down ata a much ‘Shorter duration of T= 1/100 to 
1/500 sec which becomes shorter as the peak pressure becomes greater. It 
sometimes happens in the perfect breaking wave that the peak pressure reach 
a two times or more the peak pressure measured in ordinary breaking» waves. 
Such . extraordinary intensive shock- pressures which are s supposed to act at an .2 
_ interval shorter than approximately 1/200 sec, do not always occur even at a a 
_ the same conditions. As is seen from the comparison of Fig. 2with Fig. 6, each 


2 as wave pressure at various elevations of the vertical wall appears to have indi- is 


by = its first and higher peak value at an instant when the main part of < &§ 
a _ breaking wave struck against the elevation on the wall. Then the pressure de- Bi a 


creases rapidly as the wave runs up along the wall, and drops down to the § 
trough of pressure- curve at approximately 1/10 sec after the wave has 
"reached the highest point of the run-up. As the | spray (the run-up wave) east 


Gs scends quickly along the wal wall , the pressure increases a again and reaches the — 
second and lower peak value at an instant when the spray stopped to ) descend. 


the pressure Gecreases to the initial value, as the Spra 
= 


: 


max. run-upor the 
1: ompares favorably 
r 
— 
— 
= 
— 7 
3 
an 
: 
ire-time 
3 
2 
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(B) PARTIAL, BREAKING WAVE 


sec 
(c) PARTIAL BREAKING WAVE 


slowly descends to the still water level. As is known from the prior interpre 

— tation, the first higher peak pr: pressure isdue toa 1 dynamic water pressure gen 

i erated See the = ue of the main yart of the breaking wave against the verti- 


ose intensity due to the fall of the run- fn wave, Pp = Wo | in which v was the a 

 fall- -velocity of the spray ‘aidcabaabi by the use of the high speed movie, g the e 8 
acceleration of gravity, and w, the unit weight of water, 

_ Pressure- -Time Curves | for Partial Breaking Waves. —Though the partial 

“breaking wave includes a wide range of breaking waves between the perfect — 4 
_ breaking wave and a clapotis, pressure-time curves for the partial breaking - 4 


Waves can be divided approximately categories as" in Figs. 10 a 


_ Fig. 10 (c) shows a pressure-time curve ‘o a pres breaking wave not so 

10 (d) shows a pressure-time curve when a wave withlong 

a period and small steepness partially breaks in front of a vertical wall. The © 

_ first and sharp peak pressure is attributable to the striking of the partially — e 

2 broken wave- -crest against the wall, and the second and low round peak ra 

;  ¢o considered to be due to the weak striking of the main part of the wave against 2 

inet 4 the wall, because there was no appreciable wave run-up along the wall. . 
Therefore the second peak | than the static water 4 


paratively athikes with such appearance as a clapotis against 
a vertical wall, the depth in front of which is large as compared with the wave 
ok height. The first peak of the pressure-time curve is due toa horizontal dy- ts 
- namic water pressure exerted by the striking of the wave, and the second peak 
= due to a vertical dynamic pressure generated by the fall of the run- ‘up wave. a y 
; Vertical Distribution of Peak Pressures over a Wall.—Verticai distribution | 
peak pressures at various elevations on a vertical wall is affected by the 
- shape of the breakwater and the behavior of the breaking wave. _ The types of 
curves are divided categories as as follows: 


i a; + type distribution. The peak pressures at locations above and below 


3 


i 
proved by the fact that the intens 
sideration was 
— ___in general the tim 
— 
ia 3 4 
— 
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MAXIMUM SIMULTANEOUS PRESSURES, 


=| 
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(c),(d).—VERT 
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(a),(b) 


FIG, i 
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‘ 
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CONTINUED. 


“ta 


FIG. 11(e),(f),(8),(h).- 


— 


B type distribution. occurs at the bottom of 


i vertical wally and the peak pressures above the bottom decrease according to 


mixed type of Aa and B. ia 


6or7 by a a br line. 
a 


“pressure inducing. the sliding and ‘overturning of the vertical wall is not equa 
-. o the resultant of the peak pressures, but equal to the resultant of the simul. a 
a taneous wave pressures exerting at the same instant as the occurrence of 
_— Pmax. on the wall. A large number of experiments which had been carried out 
in this laboratory proved that the vertical distribution of wave pressures act- 
ing simultaneously with Rieti, on various elevations of the vertical wall indi- 
cated similar trends to those of peak pressure and could be divided into three _ 


categories as will be shown in the following paragraphs. But the maximum 


ith the resultant. of pressures. 


to the equation 


is the pressure- intensity of above 
i and below Py location of Pmax.. Figs. li (a) and (b) show the experimental - 
; wae. of Bee distribution, in which the distribution curves of the max- 


° 


— 
— 

— 

- 
— 
— 
— 
— 
a in Figs. 11 (e), (f) (g) and (h) in which hae _ 
Simultaneous Pressures. —Owing to 
the oscillograms of pressure-time — 
fs Variation curves taken when the breakers of shallow-water waves struck — 
against composite-type breakwaters, the peak pressures at various elevations 
ye of the vertical wall of the breakwaters did not occur at the same time. In gen- ee Po 
ne ar eral, there were slight retardations of occurrence in turns toward the 
re — 

— 
— 
‘the wall, Pmax., occurs 
ee at or in the vicinity of the still water surface, and pressures acting simul- # 

— 


PRESSURES 


a _ unit rte Sot length of a vertical wall is computed for the case of 


‘a the conditions necessary for the production of A-type pressure distri-— 
ao are difficult to decide precisely, they /seem to be defined as follows: — 
when waves with short periods of T S 1.5 sec and large ‘stecpnesses ‘of 
_ H/L2 0.045 have broken at shallow water depths (hy/H < 1.0) just in front of re ; 
and have struck against the vertical wall of composite- type breakwaters which 
have high base-mounds (S/L 20.27) witha 1:2 front slope and the ional. 
_ tops of considerably large width or with a 1:5 front slope, the wave crests at. 
| TABLE 4. —SUMMARY OF A- -TYPE DISTRIBUTION 


. 


tack against the wall at or in the ae oe the still water 


generally large shock pressures and sometimes extraordinary severe shock- 


Table 4 is a summary of the A-type distribution. 
B-type distribution. ‘The maximum pressure occurs at the bottom of a 
s 2 vertical wall, and pressures above the bottom decrease with increasing eleva-— 
~ tion in accordance with the following quardratic equation ~ 


in which | Py "represents -intensity. 


Be 


Pmax x, at elevation of y above the bottom of a vertical wall. The experi- 
mental examples of distribution are shown in Figs. 11 (c) and (d). 


“an 
q 
a 
1:5 | 20.74 29 | ~15.0 79] 0.061] A, 

— 
— 


4 pert Figs. 11 (c) and (d), the B- ee distribution appears to occur when 


_ waves with large steepnesses of H/L 20. 060 and a short period of T=1.3— 


and plunged into the bottom of the ar struck as 
breaker against the vertical wall of a _ breakwater which | has a high 

ate periods of T: = 1. 5 to 1.6 sec have plunged into the bottom of the vertical a . 

wall at moderate depths of h,/H = 0.6 to 1. 3. But it is difficult to decide pre- 

cisely the for the p production. of the B- -type ‘distribution, 

and the B-type distribution is supposed to occur at a transition state from 


| -type distribution The B-type distribution was ina a 


-type distribution. The maximum pressure, , in C-type distribu 
‘ e tion also occurs at the bottom of a vertical wall suchas B- -type distribution, # 


of C- distribution are ‘shown in ‘Figs. 


_ The resultant, P, of the maximum simultaneous wave pressures on fa unit 


longitudinal length of breakwater is. obtained for the C- distribution by 


In general the C-type distribution occurs when a wave with ies iin ; 
breaks asa spilling breaker ata large water depth of hy as compared with 
the height, hy, of base-mound, and plunges into the bottom of the vertical wall 
of a breakwater. Therefore the run- along t wall is larger han that 

‘The conditions in which the C-type distribution occurs ar ' il 


Ata composite with the horizontal top of the base- mound 


of a vertical wall is obtained by 
3 
| — 
&g 
im 
— 
— 
— 
— 
— 
A 
— 
— — 
— 
— 
| — 
slope is 1:3 and S/L is equal to or 
At acomposite breakwater without the horizontal top of the j 
— the front slope of the mound is 1:2 to 1:3, and for m 
From all cases when the fron 


(3) At a with ith low base- L< 0.12). For all 4 


Bee a j cases when the front slope of the mound is l: 2, 1: 3, , and 1:5, | no m matter what 
the width B of the top of the mound maybe. 
_ (4) Vertical distribution of the maximum simultaneous pressures by break- 
Si : waves with a period of 1.9 sec. Since the steepnesses of the waves witha 
period of + 9 sec and heights of H = 


#WL- 0. o19 to 0. 033, these waves collapsed ry By front of the Jae 


bly smaller pressures than the shock pressures of other breaking waves — 
periods of T < 1.9 sec. The vertical | distribution of the n maximum ‘simul- 


‘mum pressure, Pmax., in each case when hy changed from 4.4 cm to 13.7 cm z 


occurred at the constant elevation of 6 cm above the top of the base-mound 


and pressures acting | simultaneously with Pmax. decreased above Pmax. in 4 


- 


‘When th hy, d 1.82, 


the intensities and vertical of the became 


near ws 


i 
tical 
a 
— i 


sapere ibuti a: ressures of a a Breaking Solitary Wav 
. “over a Wall.- —When a solitary wave broke completely at the depths of hy = 4.4 ake 
em and 6.4 cm just in front of the vertical wall of a a composite breakwater — 
i which had a base-mound with a top of 20 cm width and a gentle front slope of 
| 10, the peak pressures at various elevations of the wall distributed as shown 
in Figs. 13 (a) and (b). In Figs. 13 the vertical distributions of the peak pres- 
sures over the wall by a breaking solitary wave are considerably different 
from those by breaking shallow-water waves, such that the peak pressures 
did not decrease so quickly as in the breakers of ‘Shallow-v water waves, indi- 
cating peak pressures as large as 60% to 90% Pmax. on an 
of of y = 2H from the bottom of the wall , and) sta run-ups as high as a a. 


momentum-change to the : striking of waves a ‘That 
is, the high shock pressures are due to the fact that the mementam -transport ee 
of breaking - ‘waves is not made so continuously that of flows, » but 


abruptly done, and the transported ‘momentum is instantaneously converted 


in which ho i is he height trom: the bottom of a wall to the wave- -crest, and rT 
the ‘duration of the shock pressures s of breaking waves. 
_ The volume of water transported by a breaking wave during a period on the 
unit traverse length of the wave- crest is expressed by» Q, the momentum — acs 
_ transported by the breaking wave during a period is p Q up, in which up is the — me 
horizontal water- -particle velocity in the breaking wave and isassumedtobe 
constant over all points in the wave. Since the horizontal water-particle 


velocity Up at instar of awall has been proved by ‘the experiments 


— 
ari — 
4 
— 
Equation.—The most important reason for theoccurrence of the 
high shock pressures of breaking waves is considered to be an instantaneous 
— _ iii 
— _ 
— 
| 
DISTRIBUTION OF PEAK PRESSURES 
— 
— 


i y of the 3 breaking wave, w, 17 is obtained 


momentum ‘must be equal to the ‘impulse 0 the shock ong 


water of the breaking w wave, the net momentum- eon of the breaking w: wave nti 
7 i be transformed into the impulse of the shock pressure during the impact must = 
" be equal to the impulse defined by the area of the pressure- -time curve under — 
the first peak pressure. ‘The impulse ‘defined by the area a of the | ‘pressure- 
_ time curve under the second | peak may probably be > transformed into th 
momentum- -change of the retrogressive wave. If it is assumed that this im-_ 
— pulse of the / second peak pressure is equal to the total ‘momentum w which the e 
_ retrogressive wave has gained, Eq. 18 may be obtained correctly as” the ‘mo- 
mentum transport of the breaking wave is in the reverse direction to th 
momentum of the retrogressive wave 
cee the impulses which have been exerted | by perfect as well as partial 
_ breaking waves on the vertical walls which were constructed ona 1:5 slope 
and located on the top of 10 cm width of a base- -mound with a 1:2 front slope, | oe 
the left side of Eq. 18 was calculated | by use 0 of Eq. 19 19, and the right side ot 
4 Eq. 18 was numerically integrated from the oscillograms c obtained by the e - 
be periments. _ Data for nine experimental waves are given in Table 5. ee From | 


momentum | is converted to ee and into the 


Equation for Shock ‘Pressure. —1 


— r depth, and } , Since the first higher 
t is the e specifically, sir aced by a breaking breaking 
in whic eting Eq 18 mor ti ne curve produc the strike of the + 
Interpreti of a pressure sed by dm 
— 
— 


© 


1.6 
1.5. 
1.5. 
1.5 
1.6 
1.6 


WIV RAH 


ahs previously mentioned, since the duration T of the first pressure 
Ppeak Of the pressure- -time c curve ofa breaking wave is very short (such a as 
1/100 sec to 1/500 sec) it may be assumed that the pressure-time curve 0 
approximately is, » k= 1/2, Hence f 


water. -hammer 


the sak pressures obtained from the experiments, and the theoretical dura- 
tion of the “should be of the order of the duration ob- 


em | cucm_ | _ cmper sec 
in which 1 is an assumed length of a water column transpor 
off 3 cm too 5 cm has been o 
— 
| 
| ‘This is the basic equation for the shock pressures of breaking 
which formulas for the maximum shock pressures of ordinary and extra 
—— king waves have been derived and are prese —— 


IMPULSE 


patan, in gr cm 


r sec x 103 


1:2 
: 


ta any water -hammer _ phenomenon at an instant when breakir 
"waves ; strike breakwaters, and only in this respect does the author agree with 


ee. ae. it is assumed for comparatively weak partial breaking waves es that hori- — 
zontal water- -particle velocities at the wave- -crest are constantly equal to ae 
‘during the duration of the peak ‘pressures, which are : 


This means that the in » weak partial 
= is equal to 2 times the hydrodynamic pressure of a jet flow ona wall 


perpendicular to the jet. A comparative number of peak pressures corres- 


nea! . 26 were observed in the experiments of weak a 


_ Derivation of a Formula for the Maximum Shock Preemie. —Since the peak i 
ne “pressure in a pressure- -time curve of a breaking ' wave ate a point ona vertical . 


. oe is “expressed analytically by Eq. 23, the maximum value of the pea ak 


_ pressures at various elevations ona vertical wall must also be expressed by 
the same equation as Eq. 23, in which 1 and T cannot be obtained analytically . 
except for a compara ively weak partial breakin wave, as previously men- 2 
except f tivel ak partial breaking wave, iously n 
tioned. _ Therefore it is necessary that they be replaced with other factors S 


Main: factors with which the value of affected are considered as” 


mY. ‘Ratios of a ‘depth. hy i in front ofa ; vertical wall to a depth to 


of horizontal bottom an and — heigh 4 i is, and hy 1/ 


.—l 
4 
— 
|. 
— 
— 
al 


oe Width of the top a a base mound, I 
c. Wave-st 
= 


“For such waves of ope steepness sas H/ /L = =0. 035 t 


Eq. 30b i is the basic equation for a ‘practical | use of ‘computing the 
‘shock pressures s exerted by breaking waves on vertical walls, in this 


equation the main factors defined in a, bandc are included. 
ok 


maximum 


_ Evaluation of the Constant of Eq. 30b by Experimental Data.—Eq. Ob was 
checked with a number of Scns x, obtained from some 2,000 experimental data _ 
shock pressures exerted by breaking waves on composite-type break- 

aters. . These experiments include various shapes of composite- type break- — 
raters such as | the h ee of the base- ‘mounds ~ hg = 20, 33.4, 36, , 37 , and 38 
ye pes = 1:3, and 1: he top widths B =10 cm ‘and 0, and 


— o 0.070, ne non-breaking 
— 


characteristics of waves as heights H = 6 to 24 cm, = 1. 2 to 
9 sec, , and steepnesses H/L = 0.019 to 0. 


a. Formula la for the maximum shock pressure of siialiicaily breaking waves. 


= _ The relationship between the maximum pressure Pmax, and hy Be L L of ordi- 


nary breaking waves, which include all of perfect and partial breaking waves 


except waves acting extraordinary high shock pressures, are 
that the value of 


gr per sq cm as the value of imerea 

£0.22 cm. But in the: region of —> 0.22 cm, Pmax. is nearly } 
ML This is considered 

_be due to the fact that in front ofa and 
ae epness | ‘H/L of a breaking wa wave increase up toa ‘certain limiting value of 


the breaking wave e strikes more forcefully — te but 


“gure of which ‘approaches hydrostatic pressure. 
In the region of h int 7° So. cm the maximum shock pressure of 
‘ing waves, Pmax. in gr per 


The relationship between p 


Ver all kinds of | shock pressure with the ‘distribution 

figs a} A, Band C-types exerted by ordinary breaking waves on composite- type 
‘breakwaters which have the front slopes 1: 1: :3, and 1:5, the top- -widths ail 
B= 10cm and B = 0, and the heights hg = 37cm and 20 cm of the base- 
mounds. But it is s not applicable for — pressures by rr weak breaking — 
Formula. for the maximum shock pressures of of extraordinary q 
waves, The maximum shack of extraordinary breaking waves 


he reached generally up to two times or more those of ordinary breaking waves. | 
The ays between Pmax. and hy 1 L for extraordina ary breaking waves 


a ts plotted in n Fig, 14. According to Fig. 14, although the relationship does not | 7 : 


ax, are related t to 


by the following equa 


— 
— 
- 
— 
4 
4 
— 
— 
The limit of hy = may be 0.22 cm in t 
ment. As will be mention 
ome 
he 
— 
= 
— 
5 7 hole 
tained by least squares analvsis over the whole 
— 
— — 
— — 


e hu=20"8 
az 


AND 
variation of boundary conditions. _ The scatter of the experimental data in Fi 
14 4 may be be considered to be due | to this fact. 

Comparisons of Values Computed by Eqs. 31, 32, and 33, as well as Mini 
kin's® and Hiroi's Formulas with Pressures Obtained by the Experiments .— - 
ae previously, since there exists no generally accepted shock- 
_ pressure , formula established on the basis ofa sufficient number of prototype _ 
or experimental data, Hiroi’s and Minikin’s formulas were selected as all 


representatives: of shock- ~pressure {c formulas for the comparison 
dv: ressu e rin 


upper limiting values of Pmax. are expressed by 
values of Pmax, in extraordinar 
iz 
rax 110 
— 
— 
— iim 
— 
> 
| pings 
— 
4, 


of the: maximum shock pressure intensity. | For the maxi- 
_ mum pressure intensity Pmax. and the resultant P of the shock pressures © 
exerted simultaneously with by ordinary breaking ' waves on unit nit longi- 
= length of the vertical walls of composite breakwaters, the compari- acd 
_ sons of computed values by Eq. 31, Hiroi’s and Minikin’ s formulas with - 7 
measured ae er the experiments were made and tabulated in ce aa 


12 
13 
14 
15 
16 
17 
18 
19 
20 


TABLE 6. COMPARISONS FOR PRESSURES P UNIT 


a ye re LENGTH OF A WALL BETWEEN THE COMPUTED AND | 


EXPERIMENTAL VALUES: 


No, roi’s” 


value 


formula 


597 ( 480) 


691 ( 560) 
1262 (1062) 
( 136) 
273 ( 200) 


1168 ( 963) 
| 976 ( 783) 

1039 ( 832) 
1239 ( 998) 

| 123 91) 

| 292 ( 231) 
( 325) 

| 400) 

67( 44) 
( 179) 


<i 
> 


1234 (1044) 
Ms ( 117) 


249 ( 186) | 


379 ( 296) 
707 ( 576) 
( 685) 


— i”: 


_ for 


603 475) | 


| ’s | Minikin’ 
formula* = 


+6 (- 
+ (+36) 


—|+70 (+ 40) 
0.6 (- 20) 


|- 
53) 
-12 
58) 


-16 (-32) 
- 0.5 16) 


53) 
- 36 (- 52) 

-22 (- (39) 
+ 25 
+53 (+ 33) 


Figures in parenthesis are values substructed the | static pressure from the total 


top-width B = 


and 7. In Table 6 Runs 1 to 23 are: data for composite breakwaters with the a 
10 cm of the base- mounds, and Runs 24 to 29 are data for weak i 


breaking waves on composite breakwaters, the | vertical walls of which are , 


located on 1:2 slopes without the top-width. 


Bag joe exceptional for Eq. 31, but presented here | only asa ‘reference. 


Therefore Runs 24 to 29 a 


are 


— 
— 
— 
— 193 | 
504 | 30 +15 | 
om ith the experimental 


TABLE 7. COMPARISONS PUTED VALUES BY EQ: 31, HIRO?’ 


perimental values, indicating the maximum deviation of approximately 460%, 
and especially smaller deviation for the cases of A-type distribution of the _ 


Comparison o of the resultant of the maximum simultaneous: 


as far as the resultant pressure P concerns, the wale computed by Hiroi’ Ss i 
a _ formula are comparatively similar to the experimental values. ‘in the nearly 
Re same order as the values by Minikin’s formula, the deviation being in general 


as _the tops have been constructed at the elevations of 2m to 2. .5m or less 
=tt From these comparisons it was proved that both the values. of ort com a 
a 4 puted by Eq. 31 and of P by the use of Eqs. 9, 11, 13 and 31 agree ed w with the 
experimental results better than other two formulas, indicating approximately 
within +20% of deviation except Runs 28 and 29 which were presented only for : 
Breaking Waves.—For t the > much higher shock pres 
& PP of extraordinary breaking waves the ‘comparisons ¢ of the computed val 


ues Of Prax by Eq. 32 as well as by Hiroi’s and Minikin’ s formulas with the 
formulas are all too small with the ‘experimental values. 


&g 
puted 
it long e previou ula his c 
by the in Table form d 10 cm (tt 
re ta mpute e con 
— values a 6, P co hich are cons — 4 
3 ne hod 
ble to a the expe : 
t ma ormula was 
tion of P by 


— 


SRESSURES 


AND MINIKIN’S FORMULAS WITH EXPERIMENTAL VA ‘ALUES 


max. by | ip by Hiroi’s 
Minikin’s 


ype 


_ Seale Ratios of Model to Prototype. —Since all measurements of wave 
pressures and wave characteristics were carried out at the center longitudi- 
nal section | of the _2-m width of the channel, , and the lengths of the front slopes _ a 
‘@ _ the base- -mounds of composite breakwaters were generally small com- ai 
"pared with the wave- lengths used in the experiments of shallow-water “ee s 
the energy loss of waves” caused by frictional resistance at the bottom a as well ft 
as both sides of the channel was small. . Therefore Froude’s law of similarity ot = 
wes applicable to these experiments with sufficient accuracy. = 
a4 B. If the ratio of length 1 or height h in model to length or height in prototype aa 
denoted by n, and subscripts p and m of symbols refer to to Pro- 


hm =nt 
Denoting time and | the intensity of pressure by t and p ‘respectively, the 
“following relationships as Froude’s law is 


water-depth hyp, wave-height Hy, and wave- ‘length Lm used in the 
aes periments were approximately hm = 20 to 70 cm, Hm = 10 to 25 em, a and 
bag > Lm = 200 to 450cm. Those generally used in Prototype for the design a 
: oo: =f breakwaters are approximately hp = =5to 15m, 2 to 6 m, and L,, = 40 i 
—* 90m. These make the r ratio of length in model to = beh in prototype approxi- — 4 


aves 


— 
multaneous 
Pressure 
& 
— 
im 
— — 


to 2. 


nce the maximum intensity of eel observed in the experiments, hs 
was approximately 200 g per sq cm, | ‘the maximum ‘intensity of 


m? 


in tons per sqm. The of wave- period anit wave- pressure intensity i 
Eqs. 39 and 40 are considered to include almost the ‘anges of wave- period 
a and wave- -pressure used for the design of breakwaters, ‘though a few p prototype 
observations of (Pine = 60 to 70 ne per sq m were reported hitherto. — 
im F Pressure 
a. pressure “formula for breaking waves formula 
or the maximum intensity of shock pressures in tons = sqm exerted | 


San average value 


— 
— 
msi 
— 


a will be ‘greater | than 0.044m in most of the con- 


_ storms, the maximum intensity of shock pressures exerted by ordinary break-_ oe 
r a waves : Pmax. may be assumed to be likely equal to 20 to 26 tons per sqm > 
_ for those conditions without a any calculation, and it ma may be appropriate to use os 
Pale’ =" 26 tons per sq m for breakwaters exposed to an open sea and ~ 
ie = 20 tons per sq m for breakwaters located in an inland sea ora bay. st 
= —— Maximum pressure formula for extraordinary breaking waves. - For the 
+ maximum intensity of much higher shock pressures exerted by amectian 
DF an reaking waves on the vertical walls of ‘composite breakwaters in prototype, 


- 


es FIG. 15.—RELATIONSHIP BETWEEN H/L AND THE LIMITING VALUE OF hj/H ae 


e following formulas are obtained | from Eqs. 32 and 33 using Froude’s : 


modulus of for between the ‘upper and and limits 


96 0.008 + hy — L 


 Pmax. = 103 (o. 01 + hy (44) 


~ Limit Between a Breaking Wave and a Clapotis.—It has | been well known i 


“that when the depth in front of a vertical wall increases up to twice or larger 4 


than the height of a progressive wave, a standing wave or a clapotis is pro- 


a duced seaward of the wall by superimposing the progressive wave on the ll 
‘flected wave, producing a weak pressure near the hydrostatic pressure. From 
Ba: i a number of the experiments in various shapes of composite breakwaters it a 
7 was found that when the steepnesses of progressive waves were comparative- ad 
of a vertical wall which 


_———— jj. Since the value of hy — — 
for the design COMPOS CakWalels er ered V Severe 
by 
ag 
B 
— 
| 
a 
waves as H/L in depths of =1.5 to 1.6, andfor waves of 


The he relationship be ween wave- steepness H/L ‘and the limiting vi 
in which a is produced is shown in Fig. 15. 


at Dieppe. is. most desirable to check the applicability of the 


ber of observed data concerning shock pressures exerted by breaking wares 
—= storms, but only very | few data are available on the shock pressures a : 


engineers’ were used to check the new formulas. 


measurements observed in the harbor of Dieppe 


was located ¢ on a 1:5 slope, the ratio of the length of the slope to the ae 
_ length, 8/L=0. 44 to 0.50, hy/H = 0.61 to 0.83, T = = 6 to 6. 5 sec (calculated), 
and H/L = 0.045 to 0. 063. f In consideration of these conditions, _ the shape of 
Rs the breakwater and the characteristics of the waves at Dieppe are contained in 
_ the range of the experiments which have | been performed on a vertical wall 
located on the 1:5 front slope of the base- mound of a composite breakwater. 
Therefore, from those experimental results it is predicted that the maximum y 


pressures” for ‘most of t the cases will be high-i intensity shock pressures 
max. 


max. may be type. 


shock pressures produced simultaneously with p 
vertical distribution « of ‘the ‘maximum simultaneous ‘can be com- 
puted by the use of Eqs. 41 to 44 as well as Eqs. 8 to 13 from the character- 4 
__ isties of waves observed at the same times as the measurements of the the pres- 


“As is seen from Figs. 16 (a), the values of Pmax. and P, as well 
_ as the predicted curves of the pressure-distributions give comparatively good 
. - agreement with the observed values for the case of (1), (2) and (5), but for the 1 
cases of (3) and (4), the computed values of Pmax. 2nd P indicate coor 
cs of minus 54% to 55% from the observed values. For such high-intensity a = 
q ressures as these, Minikin’s formula gives too small values to compare. bos fe. 
- Comparison of Observed Data in 1935 with the Computed Values.—Since the 
recording of wave characteristics in December, 1935, were not always car- 
ried out at the same times as the measurements of pressures, _ the pressures 
and the vertical distributions were calculated by the use of Eqs. 41 to 44 as 
is _ well as Eqs. 8 to 13 from the characteristics of the two representative waves, 
one of which was the wave observed at 12 h 15 ™ and was used for the waves a 
on December 2 and the other was the wave observed at 125 45 ™ for the | 
waves on December 16, The comparisons of the computed values of Pmax, and a 
-P, as wellas the predicted curves with the observed data are shown in Fig. 4 
16 (b). From Fig. 16 (b) it is seen that many of the computed values _ . 
roughly with the observed values. ‘Though the pressure- distribution in the 


i cases of (9) and (10) appears to be A- -type at the instants observed, it is sup- 


actual de des études sur les efforts dus aux la mes,” by} Rouvill 
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‘the 
breaking waves were ina state from A- -type to c- distribution. 
Applicability of e experimental | results to prototype. In ‘consideration 


of the following three may be c correctly considered that the new Eqs. 


) 
| 


value 


applicable of actual "breakwaters: (a) since the effect of the 


frictional resistance on the slope of the base-mound as well as on the bottom — 12 


nd both side-walls of the channel were small, the experimental Fares 


— 
— 
4 
— 
= 
— 
— 
applica tO CONCILIONS With accuracy y tue use of 
So ae 1 Froude’s law of similarity; (b) most of the experimental values of the resul- __ 4 
tant P of the maximum simultaneous pressures indicated deviations smaller 
+70% from the values computed by Hiroi’s and Minikin’s formulas 


(c) the seven of Pp “computed the use of Eqs. 8 to 13 as well as Eqs. 

41 to 44 agreed with the corresponding - seven observed values of the ten 
pressure- measurements at ome with plus or deviations. smaller 


2. Ordinary and breaking waves. Breaking wave “striking 
severely against breakwaters can be divided into the two kinds of ordinary 
_ The ordinary breaking wave includes various types of breaking \ waves over 
the wide range between the extraordinary breaking wave and a clapotis, and : 


the maximum shock pressure-intensity Pidinee’ for the ordinary breaking v wave 


can be predicted by Eqs. 41 and 42. et: eee. Bake. 
__The vertical distribution of the maximum simultaneous pressures as W 


as t the maximum resultant pressure Pp | per unit length of breakwaters can be : 
predicted by Eqs. 8 to 13 for ‘both the ordinary and e aordinary breaking 
4 The extraordinary breaking wave i is avery severe breaking | wave exerting ae 
n breakwaters higher shock pressures than twice or more the pressures .. 
the ordinary breaking wave. The very “high- intensity shock pressures « _ 
extraordinary breaking wave can be computed by Eqs. 43 and 44, ba 

‘Though the shock pressures of the extraordinary ‘breaking wave are 


large, the probability of occurrence is much smaller than that of the ll 


depth» on the top of the mound (water depth in front of the vertical wall of a 
breakwater) are designed appropriately, the extraordinary breaking wave will 


this consideration, composite breakwaters located at shallow water 


type breakwater, as well as the width of the mound-top had a great effect on 


the - intensity and vertical distribution of the shock pressure exerted by a 


= the horizon and the length of the front slope of the base- snound of a composite- i 


breaking wave. . For the base-1 mounds with the front slopes « of 1:2, 1:3, and 1:5 
used in the experiments, it was felt that as the slopes became gentle, the in-- 
_tensities of the shock pressures and the probability of occurrence of the ex- 


=a. breaking wave increased. That is to say, there occurred most 
; ressures in the cases of base- mounds with a 1:5 front 


ssistants of. this hydraulic laboratory, in carrying out the experiments Konishi, 

preparing the figures. The author is indebted cf K. Takahashi who made the 
_— shock- ~pressure gauge used in the experiments, and also to Mr. . Yamauchi, 

Director of the Technical Research Laboratory of Hitachi Shipbuilding Co 
ae Ltd., T. ‘Horiuchi and M. Uehara, engineers of the Technical Research Lab- 
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at Kindness in photographing the breaking 


HARBORS DIVISION 


é Islands. “The following brief description of conditions pertinent to harbor de- | 
iy velopment in the Hawaiian Islands presents some of the unique problems in- | 


herent in breakwater ‘design and ane some of the innovations as wey}: as 


he Hawaiian Archipelag extends about 1 1.900 from ant to 
west in the east central part of the Pacific Ocean, was created by | achainof — 
“volcanoes rising from the ocean floor at a depth of about 18,000 ft. Generally, ‘a 
Hawaiian Islands are considered to be comprised of only the islands, shown 


in Fig. 1, at the easternend of the archipelago. Of the islands ‘shown, the seven a ; 


_ All the islands are mountainous and slopes are generally precipitous. Two — 
- -peakso the island of Hawaii rise toalmost 14,000 ft above sea level. The sea ie 

- continuously carries away most of the talus and end products of erosion from | A 
the base of the mountains on all but the southern shores, leaving generally bold 


formed along the shores of the geologically- 


the pape Journal of the Waterways and Harbors Division, Proceedings of the 
American Society of Civil Engineers, Vol. 86, No. WW 2, June, 1960, 
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a: when the reefs are formed. The size of these channels appears to be ap — 
proximately proportional to the volume of stream flow. Although irregular 


and hazardous, most of the channels are navigable by small craft during fair oes 
_-Dredgingis usually required to provide harbors for deep-draft vessels. ‘Ex- vig 
are Pearl Harbor, where relatively | little dredging was required to 
opena a channel through the bar into the three : spacious slochs of thefamous naval 
base, and the much smaller Honolulu Harbor, which was improved in 1905, to 
permit navigation by large sea-going vessels. Turning basins and connecting 
= i ~ channels were dredged from time totime in Honolulu Harbor to serve the needs rsa 
of increasing commerce. The natural sites at the locations of the five other _ 
deepwater commercial harbors developed by the Corps of Engineers, Dept. of 
the Army and shown in Fig. 1 were not as favorable, and none are landlocked. : 
ae Dredging inland was precluded at most of the sites by solid basaltic rock for- 4 
= coasts of the islands are exposed to attack by waves generated i ina vast ig 
- expanse e of ocean “extending more than 2,000 miles in all directions. "The pre- ‘sf 
vailing tradewinds from the north and 1 northeast generate swells which hammer 7 
persistently on the northern shores. A wave rose is shown in Fig. 1. About 4 
every two years during the winter ‘months, intense extra- fac storms spawn 


of Kauai in 1959. Medium to large tsunamis occur every few years. The ie 


the south of the islands, and Hurricane Dot which passed directly oer r the island 


mal tidal range is approximately 2 ft and the extreme — in tide is _ 
Although the islands are comprised largely of voleanie r this extrusive 
is usually checked with seams and joints. The older formations are 
also deeply weathered. Stone of sufficient size and quality for breakwater con = 
_ struction is economically available for only a few harbor sites. — Only three © 


good rg have been for the production of ‘suitable breakwater 


alphabetically, for the | of reference, in the Arend 


3 


_ Breakwaters built in the Hawaiian Islands prior to 1950, are generally of e 

_ the typical section shown in Fig. 2. The controlling factors of design were the | me. 
and of available equipment, native materials, labor costs, 


southern 
known locally as Kona storms,create smaller waves that attack the sou ern 
a fee peer shores. Records show that hurricanes rarely occur in the locality. The record [i 
— 
— 
— a 
an be Quarried to oauce stones Welgning 425 Much as ia 
tons each. Basalt is also crushed to yield coarse aggregate for concrete used 
_ in breakwater construction, while coral sand is normally used as fine aggre- 
a — Notation.—The letter symbols adopted for use in this paper are defined iq ii 
a — e arranged 
4 
— 
— 
— 
— 
based largely on the opinions of experienced breakwater mie M 


the crest is about 15 ft in width and varies” in elevation about 


i to 13 ft above mean lower low water, oF only 9 to 11 ft above high tide. The © 
‘seaward slope is about 1-on- 1 5» and the | landward slope varies from 1-on-1 to” 


mls a Core stones range in weight from less than 100 Ibs to about 500 ie - 


each 
perv extends to ‘only 3 ft below mean lower low water. “At greater depths, 
d “pee stones weighing: from 6 to 10 tons each are in evidence on the slopes. — 


STONE——— 


in the ; armor layer. ‘This greatly increased the ‘stability of the structures. As 
The workmanship was so superior that, in many cases where the core material 

_ subsided, | the cover layer remained in place arching spans up to 20 ft. HH The 

‘e outstanding e: example of this type of breakwater is at Port Allen. The armor 
stone, agen as dry MASOREYy' is extremely well-fitted and keyed together. In 

- this case, an under layer of “ “B” stone was also used. The Port Allen break- 


water is located on the southern shore of the island sili Kauai where 


— 
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— 
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AKWATERS _ 
attacks | by waves that were estimated to be up up to 20 ft in height. 
- major weaknesses of this typeof constructionare that displacement of a staghe 
keystone may result in failure of complete sections of the breakwater and | that 
it is not practicable to extend keyed stonework more than a few feet below the | 


water surface. Also, day labor virtually preclude such time- 


extends around the end and along the seaward side of the structure for about | 
300 ft (Fig. 2). . The head of the breakwater has successfully weathered ‘sever- 
al severe storms, one of which breached the structure about 2,700 ft from the 
seaward end. During preparation of the design analysis for repair, it was sur- 
mised that the berm ‘possibly to the of the of 


ON 
structure. _ Model studies of the Nawiliwili breakwater indicated that wicking a i 


~ al _ waves tend to stabilize the section of a rubble-mound structure ‘by the — 


cent major repairs to existing breakwaters 


of the island of Hawaii. “The rubble - mound breakwater was completed 
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— 
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BREAKWATERS 


ze the surface, and slopes abruptly into dong water. The texture of the reef 
is extremely rough, being characterized by thousands of coral neads, deep 
_ holes, grooves and caverns, which, in effect, approach the ultimate for anir- __ 
_ regular surface. Advantage was taken of the protection afforded by the reef in 


Biting the breakwater as far ‘shoreward as possible from the seaward edge 
>. depth of water is about 9 ft at higher high tide. a ae 
# _ Generally, waves break: in a depthof water equal to about 1.3 sites the wav 
~~ height.4 2 It was, therefore, indicated that waves greater than about 7 ft in height 
~ would break well seaward of the breakwater. However , On rare occasions ex- 
ne ceptionally high tides have ¢ occurred. Included in the consideration of high tid tides 
were the possible effects of tsunamis, that, _ historically, have been triggered 
by earthquakes having epicenters along the Aleutians and the coasts of South 
America . The usual effect of tsunamis on coasts sheltered from the direct ap- 
proach of the waves is a series of high and low tides occurring at intervals of 
about 10 to 20 min. In view thereof, a design wave height of 9 ft was selected. << 
_ Since the basin is located immediately behind the breakwater, overtopping a 
would not be desirable. Therefore, th the crest elevation was set at 1. 2 times the 
_ design wave height, or 11 ft above normal high tide. _ ‘The minimum weight of n 
_ armor stone on a 1-on-2 slope was determined to be 3 tons by the Iribarren — 
a formula as modified by Hudson. ¥ Actually, a large quantity of stones weighing _ 
: ee 5 tons and more was used in the armor layer because the quarry operation ~ 
a produced an excess of oversized stones . The remainder of the rome was 


¥ : design of the head of the breakwater indicated a crest width of 20 ft and a an ar- 
. mi layer composed of stones weighing about 12 tons each on a slope of 1-on- 


é i In the past 25 yr the most severe storm affecting Kawaihae Harbor occurred 
in January, 1959. The deepwater waves, that were generated from the south | 
ee and southwest, , were estimated to be about 18 ft in height. In August, 1959 
oe & Hurricane Dot, passing south ‘of the island of Hawaii, created 15-ft waves off a ? 


the seaward edge of the reef. In both storms, the waves broke on the edge of pi 


storm, ‘although the structure was January 


“island of Maui. A small cove behind ‘the reef, where 19th century whalers a 
_ chored, was developed into a deepwater port by. dredging and by the constru 
‘ tion of the east and west rubble-mound breakwaters that were 2,850 ft and % 
- 2,396 ft in length, respectively yer The breakwaters were completed in 1931. _ 
“Major: repair of the structures at, and near, the heads was accomplished in 
1957 +. record of damages and cost of repairs for the past 12 yr is shown in 
“The Interpretation of Crossed Orthogonal in Wave Refraction 


ha Willard J. Pierson, Jr., Technical Memorandum No, 21, Beach Erosion 


— 
harbor is located in a shallow bight on the leeward coast of the | 
a = es where an extensive coral reef has grown. At the project site, the reef lay only — a .- 
= 
— a 
— 
— 
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or to design for the reconstruction in 1957, hind- casts of two major 


storms were made to determine the characteristics of deepwater storm waves. ie 


The following results were e obtained: ae 
of January 194 


north 


in which is the deepwater wav and Ly is the 
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offshore caused convergence the or orthogonals” on the ends of the break. 
ba waters (Fig. 6). Convergence ‘was such that the maximum refraction coef- “a 
ficient, , K= V2, was indicated. 2 Application of this coefficient to the afore-— Bi 
- mentioned data in estimating the height of waves approaching ers heads of the a> 
in an increase in height to about 40 ft. Basedon the 
depth to wave height relation previously mentioned, "waves of 
_ height would break about 1,000 ft seawardof the structures in water about 52 ft 


LEY rahe of these findings, it was concluded that the controlling depth at a 


i _ terion — for determination of this safe distance: was presented by Melvill 
A i Priest.3 It is assumed that a breaking wave will have full effective forc 
a of 0.4 L shoreward of its ‘point o of breaking, in whic 
£ is the wave length at the point of breaking. At the breaking depth of 52 ft 


4L was be 254 ft, which is one of th 


hes 


Center and and Near Root of East 


Ends of Both 


+ 
Seaward Ends 0 of Both, 


Ends of Both Breakwaters 
@ "Breach in Stone Portion East Breakwater Not Yet 


The breakwaters. were repaired using 33-ton tetrapods in armor layer. 
2 Two layers of components were placed on the slopes around the heads of the * 
breakwaters. The seaward slope and the end | slope e (along | the breakwater center at 
dine) were set at 1-on-3 with a transition to a 1-on-2 landward slope. 
Subsequently, model studies undertaken in March, 1958, (at the U. S. Army — 
_ Engineer Waterways Experiment Station, Vicksburg, Miss. ) of a breakwater at _ 
another harbor, revealed a ‘serious weakness in the design of the ends of the 
Kahului breakwaters. The “before ” and “after” photographs, Fig. 7, depict the 
_ results of the model study of a design similar to the one used at Kahului. The | 
onan en photograph shows two o layers of tetrapods assimilating 21.7- “on units 


. This height at a 1 breaking depth of 44 ft was determined to be 4 
4 


on an end slope of l-on-2. The “after ” photograph indicates the results of at- 
tacks (about m2, waves) by | the equivalent of 30-foot high breakers, in 16 sec 


‘The dire of the model study all too accurate. The severe 
storm of November 22, 1958, caused substantial damage to the east breakwater. 
_ The upper aerial photograph, in Fig. 8 shows waves attacking: the Kahului break- . 
- “Wave Behavior Over a Fringing Coral Reef,” by Melville , The Military ee 
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1960 


the storm, when it had abated to some e: extent. ‘Note the 70-ft breach in the old 
stone portion of the east breakwater. The breach later widened toabout 150 ft. 


_ Also, note that the wave completely obscures the end of the west breakwater — 
(to the _— It was estimated that at the peak of the storm 


from 1-on-3 te i-on- -2 (see lower photograph in Fig pOKu: 


as far as 100 ft ona more or less level = Of the ‘anit on the seaward 


‘DEPTHS. “IN FATHOM. 


*5000_ Q 5000 10000 


MARCH” 1954 STORM 
PERIOD= 18 SECONDS 
3 


_KAHULUI HARBOR WAVE REFRACTION DIAGRAMS 


Marty , Chief Engineer, Establissements a Grenoble, France, at a con- 


Tetrapods generally are not used at the seaward end slope ne (of t the | break- 


water). However, when used, the weight of the tetrapods be in- 


- sideration should have been given tothe following statement made by Mr. M. H. co 


creased over that of the tetrapods used on the side slopes.” 


 Stopgap repairs of the damage caused by the 1958 storm were made in 1959 By a 


— 

akwater where the slope was trans 
— 

"JANUARY 1947 STORM 

— 
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F E ATTACK ON MODE 


SLODGED _ 
TETRAPODS 


| 


KAHULU 


_ of the island of Kauai. The ern i developed at the a of Huleia River 
_ by dredging and by construction of an approximately 2000-ft long rubble- mound 


abe “Although the Kahului and Hilo breakwaters were damaged by the storm of ci 


January, 1947,no damage was sustained by the Nawiliwili breakwater because “= 


for 


The storm of September, 1957, and Hurricane Ninafurther damaged the break- “4 


: water. In all, approximately 105 ft of the seaward end was knocked 0M 4 


a study was ; conducted on the waves generated by the extra- -tropical storm of “3 
March, 1954. Ahindcast was made to determine the characteristics of he 
waves in deep water. ‘These characteristics were: a 


lo = 321 feet 
= 15 seconds: 
wave refraction analysis showed that orthogonals representing the phe-- 
z "pomenoa converged on the head of the breakwater. Convergence was S such that | a 
the maximum refraction coefficient, K = V2, was indicated. 2 Use of the afor re- 4 
_ mentioned data in estimating the height of waves approaching the head of the 
= resulted in al an increase in wave height to about 34 ft. However, i 
= determined that waves of this magnitude * would break in water about 44 ft _ 


e affecting the tae 
was deterniined by the controlling depth at a distance (seaward of the break- 

water) equal to the distance of full effective force. This controlling. 

below high tide level at a distance of 0. 4 L, or 184 ft, found to 


q water using; 1) ; all stone, 2) Bern and id were dato and 3) 


breakwater site, 


“and =i the lack of design criteria pertinent to (a) heads of 
breakwaters, (b) breaking waves attacking rubble- mound structures, (c) severe _ 


overtopping (h= 0.4 | Hp, in which Hp is the breaking wave height) (the usual 


criterion is h = H above design water surface), and (d) tribar, a recently de- 


oo _ The section and the model studies of the all- -stone design will be di 


we separately from those of the designs | using precast concrete components, ‘ine 
view of the fact that the tests on the all-stone models differed somewhat from is 

a a those on the models having tetrapods or tribars in the armor layer. oe 44 


i 


— 
3 
— Waves Were No a Ulre U d UL a al 
Nawiliwili Bay. However, waves generated bythe storm of March, 1954 causea 
— 
— 
— 
— 
— 
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4 
— rrepair ofthe break- 
the Corps’ Waterways 
a Sane Experiment Station in March, 1958. These model tests were conducted for the | 4 
. 
— a 


sea ‘The aantgn section of the all- stone plan consi dof a ‘broad- crested 
== an 80- -ft crest width and a a seaward slope at the angle of repose (1-0 


shia to at least 1-on-4 by causing stones to roll down the slope, thereby re- oon 
ducing the crest width to about 15 ft (Fig. 9). Still water level was +2 ftof mean a 


lower low water. This ‘concept was no no applied to the end slope xe (along the longi- 


Tent of 10-ton stones in the armor layer the was 
_with hydrographic conditions assimilating the ocean floor seaward of the proto- om; . 
The first test definitely showed that the controlling « depth seawardof a break- 
“water limits the magnitude of breaking waves that can attack the structure. In 
this case, the height of the breakers approaching the breakwater was less than | 
oat _ the design wave height of 24 ft. In fact, most of them were about 21 ft in pote 


Some stones es down the seaward slope, but did not reduce it to 1 ~on-4. 


Therefore, ‘modifications ashe made to the hydrography seaward of the break- 
water to increase the controlling depth by about 50% in order to permit pro-— Ey 
- portionally larger broken waves (up to 36 ft high) to attack the structure. Con- eo : 


2 _ trary to the a anticipated effect | that the ‘stones | would be rolled down the ‘slope, a 


of about 30-prototype-hr, sufficient stones had rolledonto the crest to increase 7 
its elevationfrom 13 ft to a ft (Fig. few were carried — 
‘The design was modifiea include a a change | in the crest ele 
_ vation to 18 ft above design water surface with the seaward slope remaining at | 
‘ the angle of repose. Because the wave energy is proportional to the square of 
. the. wave » height, it was assumed that this modified design provided a safety 
¢ factor of 2.25, as a result of the 50% increase in design wave height. = 
a ‘The model of the head of the breakwater i included a | facsimile of the mound 
of ‘stone lying around the end of the structure and below the water surface. In 
‘ the prototype, the mound had been formed over a period of years by the dis- 


; of stones from the original structure and — end i slope 


a. It 1 was 1s observed during the test that waves ; passing o over the mound of snes 
_ were refracted from the channel toward the end of the breakwater. It was fur-— bs 


coupled with the breaking waves transforming into waves of 
ih ated a high velocity jet across the end of the breakwater. As expected, stones re 
ee were rolled down the slope by wave action. vf Results of the t test were not ¢ con- 
4 ‘sidered conclusive because of the width restrictions of the test tank. — It was 
not possible to assimilate all conditions inthe prototype. = j= | 
R i _ The designs using the two types of precast concrete « components were simi- 
lar and were subjected to a series of duplicate model tests. The armor layer 
of sections tested included tribars in a ‘single layer, a double layer, and a com- 
_ bination of single and double layers. Since tetrapods are not suitable for use a 
na single layer, only double layers of t this ‘component were used in the tests. B 


In sections back from the head the original designs indicated the sential 
sitions on 1 1) 21.8 
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-A BREAKWATER HEAD __ 

FIG. 9. .—PLAN AND SECTION OF BREAKWATER 
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the 
water gurface anda single layer above sea level (Fi ig. 11). i - Plans for recon- = 


pe sal of the head of the breakwater were identical in that they were de- 


of ona slope of 1-on- 5 (see note 


“the for the 
first series of tests on and tribars were constructed with hydrographic _ 

assimilating the conditions in the prototype. The section of the break- 


® magnitude of waves. No damage was sustained by the test secon, an 
was considered imperative, however, that all weaknesses due to 
a conditions be exposed and that the final selected sections provide an adequate = 
: pee Modifications were made to the hydrography seaward of the breakwater to 
2 increase the wave height by about 50%, as had been done previously to the all- : 
stone model. Breaking waves equivalent to 36 ft in height were produced. The > 


2 crest was only 0. .3 Hp above still water level, where Hp is the breaking height, 


ter 
and two layers of precast components were used in the armor layer on a sea- - . 
- ward slope of 1-on-1 pe was found that those units that had any part above a 


the elevation « of the breakwater crest were were over ‘the structure wave 


4 action. This occurred with both tetrapods and tribars. In another case, where ri a 


@ single layer of tribars was used, the top re row or two of units were carried 4 
the crest. In all ca 


previously indicated, the plans denoting precast the re- 
of the head were an armor layer 


ot 


_When subjected to attack by breaking \ waves of design magnitude, failure 


both. sections occurred. As in the case . of the test on the stone design of the 
head, it was observed dur ing the conduct of these tests that a high velocity jet 

mS across the end of the breakwater was created by the convergence of the re-_ 

a _ waves and the shunted waves, and by the breaking waves trandiorming 


Consequently, two modified designs were made and both proved successful 

against attack by breaking waves ranging in height from 24 ft to about 36 ft. 
seas One plan made use of a wave absorbing mound of precast breakwater ‘components _ 


oe at aint three layers in thickness on the seaward side of the end of the break- 


fea the breakwater > ie. 12). ‘The other « design was featured by two layers of units 
a we placed on a 1-on-4 end slope (along the longitudinal axis) and a 1-on-3 back 
z _ ‘Slope (Fig. 13). The plan with the wave absorbing mound was selected for use 
_ because of slightly greater stability. Furthermore, the r mound would be within 
reach of — equipments ‘Thus, , more would be 


— = 
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precast components successfully, withstood attacks by broken waves equivalent 

x to 36 ft, a height 50% greater | than the e design wave height, it was —" that e 
a factor of about 2. 25 was being ng provided. 

bidders were given 

option of bidding on any of the three proposals. 
With regard to the all -stone design, major disadvantages ‘existed. On Kauai 

no quarries are capable of producing suitable breakwater stone because the _ 
&g oa island is geologically the oldest of the major islands and rock ‘k outcrops are 


consonantly ‘deeply weathered. Also, since relatively flat seaward slopes are 5 
- required to stabilize an all-stone section, the volume of prime stone to armor ae ’ 
the slope, as wellas the total volume of breakwater stone, is increased. There- a 


* fore, it was doubtful that this plan . would be | competitive with either of the two 


successful bidder submitted bids on 1 the tetrapods an and tri- 
bars, with the bid on the latter being lower. The other bid received was 1s on the a 


| 


latter below water surface because it was selliwed: that a single layer | could 4 
_be properly placed below sea level. However, during the early stages of con- 

_ structionit was demonstrated that the tribars could be properly placed (nestec : 
- together) in a single layer at the maximum specified depthon the seaward slope. | 

_ Observation of the components being placed was enhanced by the white Hunts | 
= compound, which had been used for curing the concrete. — Furthermore ode 


2 to substitute a single layer of tribars for the two layers to the full k Genign depth 


eRe During construction, it became necessary to modify the end of | the break- 
< water by the addition of components to provide a flatter end slope and to “toe- 

n” the back slope where Lecasnadl had been removed to provide flotation for for con- 


‘struction equipment. 
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_ The "4 8- ton tribars were » placed by a floating cr: one e operating on the ‘in | 

weed side of the breayaater. z Difficulty in placing was encountered even 


Bs =e the end of ‘the boom to rise and fall from 5 ft ft to 10 ft. ft. ‘The components — wig 
could not simply be released at the bottom of the downward motionof the boom, a 7 
—_— it was specified that the tribars in the single layer were to be placedin _ 
- contact. Maneuvering of the components, in order to place them in accordance 
with the caused to collide, with consiierable 


a The last 247 units: were reinforced and none were broken. It was ally 


estimated that 590 tribars would be required for ‘the project. 4 Actually, 598 


cast and placed. “AS built” drawings of the Nawiliwili breakwater are 


al comparison of the loss by breakage to the cost of reinforcing to prevent 
_ breakage showed that for 18-ton tribars reinforcing is not economically justi- 
fied. However, since the stress in the bars, or spoke | members, increases as 
aa the square of the linear dimensions « of the > component, that is, the diameter of 
— ie the bar, it is probable that tribars weighing more than 20 tons should be rein- ¢ 
eee forced. In general, since concrete breakwater components are exposed to salt 
_ water, reinforcing or other imbedded steel (lifting eyes and so forth) is not de- : 
Pee sirable due to the poor durability of reinforced concrete under these oe 
Ff = especially in tropical climates. However, when reinforcing is necessary, a_~ 
te minimum 4-in. cover of dense concrete over all steel should be required. 
__ During the first week in August, 1959, Hurricane Dot, moving in a eee 


direction south of the of Hawaii, turned northerly and 


; oa at the United States Weather Bureau Station, at Lihue Airport, about two 
miles north of the harbor, was inoperative during the peak of the storm. __ ii a 
day before the hurricane reached Kauai, an engineer from the Corps of 
gee Engineer, Honolulu District, and two Army Signal Corps photographers were : 


_ dispatched to that island to obtain data. The inspection party occupied anob- _ . 


4 point ona cliff located across the channel and about 1,500 ft from 
oe ‘the head of the breakwater. Wind-driven rain and spray hampered lobservation _ 


ia a which was about six hr before the height of the storm. _ Wave heights could not = e 


be accurately obtained from the photographs ‘shown on ‘Fig. 15 due to the un- 


_ availability of a reference object for use as a scale. _ However, the consensus - 
oe different trial approximations, and observations by ‘the engineer on the — i 
+ indicated breaker heights of about 22 ftat the time the photographs weretaken. 


‘Two trials of hindcasts were made to estimate the height of the waves gen gener- 
_ the magnitude of the waves at the ‘breakwater site during the peak of the storm. 
Ba first trial indicated the following deepwater characteristics of the waves; 


=o ‘ensuing refraction analysis suggested an increase in the wave height to about 
the previously estimated height. The second hindcast study in which conserva- 
tive values for wind velocity and duration were used rendered the following 7. 
Ho = 27 ft, T = ‘5 sec, Lo = 680 ftandthe direction 


af 


Bye the waves breaking on the breakwater after 2:00 p- m. on August 6, 1959, : 


x _ated by the hurricane, and wave refraction analyses were conducted to estimate ee — 


= 35 ft, T - 12.5 sec, Lp = 800 ft, and the direction as south- southeast . The a — 


§0 ft at the breakwater. This height appeared unreasonable incomparison with i 


4 
— 
SE rate data with respect to wind velocity and barometric pressures were Oob- - 
a 
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A refraction analysis indica ted a refraction coefficient, 0. 92. The wave 
3 height was then computed to be about 25 ft at the breakwater. Int view of the be 
- more conservative estimate, it appeared that the structure was subjected to 
attack by waves of design magnitude, 24 ft, for several hours’ duration. nm 
3 The breakwater sustained very minor damage | during that hurricane. One 
reinforced ‘concrete post was broken off by a tribar that had been swept from 
the top row of units over the crest. A probable explanation for the displacement 


i of the tribar is ‘that: a part « of the c component extended about 2. 5 ft above al 


f Conversely, it was noted that a few tare sioved down the slope, the ; maxi- 
%: mum distance moved being 9- -in. The only other damage consisted of two com a 
The stability of the Nawiliwili during Hurricane Dot, cannot be 
- considered a | conclusive test of the breakwater « or its armor components. Itis 
anticipated that more severe wave action will result should the structure be 
i ‘subjected to attack by long period waves, that are usually generated by extra- a 8 
x As previously | ‘mentioned, the factor « of safety of the Nawiliwili breakwater > = 
design was estimated to be 2. 25, based on results of the model studies. Since " 
_ one of the tribars was | carried over the breakwater crest by waves generated — 
during Hurricane Dot, doubt exists. as to the actual safety factor provided in 
the prototype. . However, no conclusive criteria is available for the determi- — 
of this actual factor of 


derived. These studies should be made particularly on waves breaking direct- : 
heads of breakwaters, and and structures to | severe : 


| 
The pr purpose of this sectionis ‘to present a comparisonof the three types s of 
armor layer components used in rubble-mound breakwater construction and 


in the Hawaiian 


developed ina a hydraulic laboratory; and — 


tir 


_ surface) of 15 ft in the first case, 16 ft in the second, and 18.5 ft in the third 4 
case. These - comparisons, shown in Fig. 16, were done on the mewing basis 


— 
— 
— 
— 
a 
— — 
— 
ater component — 
— 3. Weight of concrete per cubic foot -150 
Maximum weight of available stone—12 tons, at 80-foot § 


— 


“He 15", Wel2Ton, t=5.5',8 730/LF 
CASE TT: He I2Ton’ 970/LF 
II: Hs Ton ,  t=5.5', $1550/ 


pr 


CASE 1: H= W-6.3 Ton, t 


SET Ws 2.2 Ton, 23.5, LF 
CASE I: H= W=30Ton, t=3.9,$ B40/LF 

CASE I: H=185', =4.4Ton, t= 4. 10/ LF 


‘FIG. AND DESIGN OF BREAKWATER 


— 
— a 
— 
— 
Conc.Cap 
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- Concrete per ‘cubic yard (in ii $33. 00, and Stone (a) Armor 


per ton $11.00 (b) Other per ton--$7.00, 


_ 8. Per cent voids: in Stone (a) Armor—30% (b) Other —30% : — Precast 
oncrete components (a) Two layers — 50% (b) Single layer -47%, 
Case I illustrates the situation in which stone is the most econon 


_ layer component due to the fact that the cap stone, placed ona slope of l-on 


1.5, will be stable against attack by design waves. Also, the cost of stone i 


tee) II shows tribars as the most economical component and stone 


zs additional armor and core stones. The cost, however, is not increased so that 
j at exceeds the cost of tetrapods. Tribars are generally more economical than ~ 


3 


a when | placed on 1a slope of 1- -on- -3 or less, the size of the section is in- 


costly than tetrapods. The stone design cannot compete with the tribar plar 

_ because the maximum available cap stone will be stable against design wave 
ao only when placed on a slope no steeper than 1-on-2. This reduced sea- 
ward slope increases the size of the section and, consequently, the cost for the a 


oes maximum available cap stone will be | ‘Stable against attack by design i 


. - creased to a degree such that the cost of the all-stone design exceeds that of 


are v thes armor layer. 


hs The review of designs and the results from consultation iiatings to about — 
“a breakwaters in the Pacific, and damages sustained by these structures dur ; 
_ ing storms have caused questioning of the accuracy of design coefficients and 


ave analyses. sitions. Now exists as to the applicability o of certain criteria es 
area available to meet es 


li 
tains to; ty the design of the heads of breakwaters, (2) the design of structures 
é subjected to severe overtopping, (3) the design of berms for stability against 


breaking waves, and (4) the maximum effective distance of breakin waves — 


oe the point of breaking. we 


results were not always conclusive, possibly because of the difficulties en- 


countered in assimilating all actual conditions. = In the tests on the Nawiliwili ¥ 


Notwithstanding this, model studies have b en the source 


Design of Tribar and Cover Layers for Rubble-mound Breakwaters,” by 
Robert Y. Hudson and R.A - Jackson, Miacellansous Paper No. 


— 
— 
— 
— = 
ie 
layer armor cover having h hich tribars are asain the most e — 
j trates the situation in whic — 
— 
— 
— 
| 
— 
igns anc 
in Checking the adequacy Of desig q 
— 
— 
Liable to some extent. 
— ‘rways Experi — 
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: br eakwater component, yy refers to the weight per cubic foot of water at 
i site, a is the angle of seaward slope of breakwater with horizontal (Good for 
3 factor of 1), Ky for tetrapods = 8.4 (safety factor of 1), Ky for tribars (random 
2 layers) = = 12 Gafety factor of 1), and I Kj for tribars (single layer nested) = 27 
(safety factor During the design for repair of the rubble-mound break- 


Hawaii, the slopes were compared with the theoreti- 4 
2 stable slopes computed by the above-mentioned formula. The latter slopes 


-were superimposed on the cross sections of the breakwaters (see Figs. 17(a), aa 
Guam, and (b), Kaumalapau. . The comparisons show reasonably good 


__Breakwaters et been required to create most of the harbors in the Hawai 


cot @ between 1.5 and 3), H is design wave height, Ky for r stone = 3.2 (safety ma 


a an Islands because the natural sites are usually not landlocked and dredging | . 
y 


2 _ inland has been precluded by basaltic rock formations. Prior to 1950, me 


ote or, rubble-mound structures were featured by keyed stonework in the armor layer. asi: 


_ Kawaihae Harbor has the only recently constructed federal breakwater. The a 
oo rubble- mound structure, completed in 1959, employs | stone in the armor or layer — 
pee. because an extensive coral reef provides protection against severe wave ac-_ 


a tion. The Kahului breakwaters, repaired in 1957, with tetrapods, sustained 
= substantial damage during the severe storm of November 22, 1958. In 1959, ‘e 


- the Nawiliwili breakwater was repaired, the design for which was model tested 4 


oe aS and subsequently modified. The tribar-armored structure sustained very minor ae 


damage during Hurricane Dot, in August, 1959. 
oo: The design of breakwaters has | undergone significant changes from thep ‘i 
od prior to 1950 to the present. A scientific approach has replaced the ‘practice — 
of “doing the best with what was available.” Practical techniques have been 
developed for conducting wave hindcasts a and and diffraction analy - 
ses. Considerable design criteria have been established and model tests hav sg 
- become accepted as an invaluable means of checking the adequacy of designs s 
_and verifying theoretical design criteria. Precast concrete breakwater com- os 
. ponents have been developed, and competitive bid prices and field tests indicate | 
wm _ that they provide an economical armor cover against design waves of signifi- 
cant height. However, stone should not be regarded as uneconomical when its 
cost is lower than that of concrete and when labor costs are low, since indi 
cations are that all-stone structures may be stabilized by using flatter slopes, 


ts In the design of rubble-mound breakwaters, problems not susceptible to so-— 


aim “Although the designer is provided with fairly reliable techniques for determin- - 

x ing the breakwater cross section, he is still confronted with questions pertain-— 
Zz to this and other How do of design. . What is the maximum effective distance © 


r waves | breaking 


lution by application of criteria heretofore established are often encountered. a 


4 


j — 
vieW OF possibie appreciabie error im the estimated Wave = 
siderable variation in the weight of stones inthe armor layer. 
— 
— — 
= 
3 
+ 
— 
— 
a 
oa 
Shoreward How should a structure be designed to withstand severe overtop- 
ping? What is to 


160 ‘Ib/eu. 


190° 


a 
38 


How should the head of a be Limit- 
2 _ ed criteria and, in some cases, none pertaining to the uncertainties, the de- = 
over - designs in an attempt to insure an adequate structure 
Neo _ In the case of the repair of the Nawiliwili breakwater, van experienced en 
repeated reminders throughout the design, tests, and con- 
‘struction that “You can’t build it too strong.” 


= deepwater wave height; 
refraction coefficient; 


= wave length ata point along the direction of travel of the ie 


deepwater wave leng th; 


= weight of breakwater component. 
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| aspects of design ar 
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PREDICTION OF MAXIMUM PRACTICAL BERTH OCCUPANCY Tie. 

Thomas J. Fratar, LF, ASCE, Alvin S. Goodman,2 M. ASCE, 

gut? 


_ Based on the close agree- __ 
between these observed patterns and ‘theoretical frequency 


_ Marine terminals may be divided into two ‘based on 
tions: commercial terminals, which are operated more or less on public 
basis for the use of several shippers or consignees and which handle the ves- 
ui ~~ of several shipping companies; and proprietary terminals, which are op- 
erated ona private basis for the us use of a single s shipper or consignee or or which 


: handle the vessels of a single shipping company or of | several companies which 
coordinate their vessel schedules. 


- ‘The occupancy of a proprietary terminal is controlled by the terminal « op- 
é erator, which may be a shipper, consignee, or shipping company, who can ad- 
just vessel arrivals and i departures | to attain | as high | a berth “occupancy as ras re- 
Note.—Discussion open until November 1, 1960. To extend the closing date one month, * 
a written request must be filed with the Executive Secretary, ASCE. This paper is part | 
a. the copyrighted Journal of the Waterways and Harbors Division, Proceedings of the a 
American Society of Civil Engineers, Vol. 86, No. WW 2, June, 1960. 
Partner, Tippetts-Abbett-McCarthy-Stratton, and Archt’s., New York, 
ail 2 Tippetts-Abbett-] -McCarthy-Stratton, and Archt’s. , New 
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factors such as W weather, ‘operating difficulties, 
loading and unloading | problems, fluctuations in trade, holidays, labor strikes, — 
and the like. Thus, while ship schedules might indicate a potentially high berth 
= terminal, the actual berth See will often be 


& The movement of cargo into or out: of rail. cars, trucks « or barges 


The transit storage of cargo at the terminal; 


snetions. 
a At many United : States ports, the factor determining the practical — cs 

capacity of a commercial marine terminal is the for n cargo 
or of vessels berthed at the terminal. 


"dling rate (expressed in tons per day of occupancy per berth) which can 
4 . sonably be attained and the number of days in a year that the berths at theter- _ 


- minal can be occupied under the prevailing operating conditions without undue 
— 


i, terminal is largely limited by the ability of the group to meet the demands im- 
posed by the pattern of ship arrivals and departures. In a hypothetical case, 
_ where a terminal contains a very large number of berths and the level of busi- aoe 
ness is also very high, it can be expected that each berth will be reoccupied : 
quickly each time it is vacated. occupancy per berth under these con-— 
ditions would be very high. At the other extreme, where a terminal has only 
one or two berths, ship arrivals cannot be matched nearly as well with ship a. 
_ departures. , Since the use which can be made of each t berth is greater at ter- aes a 
_minals having a large number of berths, the capacity of a 
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were used for the ana terminals collecte 
irces of data wer 1 cargo marine t 


urse Of | port nent ay Texas,4 Portland, Oregon,5— 
and Baltimore, Maryland; 6 and second, a study of the arrivals and — 


Association of de: 7 The Baltimore. Association of Commerce dataw were 


Pt shipping companies operate terminals for the exclusive use of ter 
vessels. No analyses were made for the port ¢ since more 
berth occupancy pattern derived from | these data is given in Fig. 
shows the number of general cargo vessels in Philadelphia, Pa.,on each 
day of July, 1955. During the period July through December, 1955, the number a 
ss - of general cargo vessels in Philadelphia ranged from 2 to 25 . The randomness os 
at pig The pattern of occupancy of commercial general cargo berths at a port c can * 


be ‘more clearly shown by a frequency distribution curve. ‘Fig. 2 shows the 
bi icetiie distribution of the number of general cargo vessels in the oe of ss 
Boston, , during the period July through December, 1955. For ‘example, 

on4 days in this 184- day period, n no vessels were in Boston; on 10 days, 1 ves- 
sel was in port; on 20 days, 2 vessels were in port; and so forth. 
Similar ‘studies at other United States ports indicate that the patterns of : 


berth occupancy for commercial terminals are random in that the 
following conditions are met: & 

34 


probability of a number of vessels in 


hese csbéitiius represent fairly well the o operations at commercial general 4 
cargo terminals ; at the ports ‘studied. ‘When these conditions are met, the berth | 3 
occupancy patterns | can be represented by a theoretical probability distribution 4 
moa dieses the probability distribution functions that most nearly : fit the 
observed data, a detailed statistical analysis was made.8 It was found that Po 


tw wo a: the theoretical probability distribution functions would meet the condi- | “ 


4*Master Plan Survey for Port of Houston,” prepared for Bd.for Commrs., Harris 
County, Houston Ship Channel Navigation Dist., Tippetts-Abbett-McCarthy- -Stratton, 1953. a i 
_ 5 Portland Harbor Development Survey,” prepared for the Comm. of Pub. Docks, 4 : 
Port » Tippetts -Abbett - -McCarthy-Stratton, 1959. ? 


_ 7 Service Provided at the Ports of Boston, New York, Philadelphia, Baltimore and on 

- Shaiglie Roads by Vessels Carrying General Cargo in Foreign Trade which Entered or | = 
Cleared During the Period July - December, 1955,” submitted before the Interstate 
4g Commerce Comm., Investigation and Suspension Docket No. 6615, W. S. Hamill, Balti- A 
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were then examined further to determine which one had a higher level of agree- - 

‘ment with the observed data. It was found that the Poisson Law, which can be ig 

derived directly from the conditions of randomness stated above, is more ‘suit- 
ial than the Binomial Law to represent the occupancy of berths atcommer- 


cial marine a different method, of derivation, | moreover, the 


| Car 


era 


5 
‘Poisson Law can to a limit 


Poisson Law is 


in which Py is the probability of n berths being occupied ata terminal (or n 
_ vessels being in a port) on a given day, n represents the number of berths oc- 
cupzed (or the number of vessels in port), the Napierian-logarithm base e is 
2. 71828... "represents n factorial =n (n- 1) (n- (3) (2) (1), 
S is the average number of berths occupied (or average | number of vessels’ in 
- port). The Poisson Law has two important properties: — first, the summation 
for a given value of n of the values of P, as n varies from 0 to infinity is uni 


; and second, the summation for a given value | of i of the products of n 


. aS tions of asymmetry and flatness imposed by the observed berth occupancy = | ‘a 
terne 2a turn | enreti mune i na he sa n ow Yr) € | 
2 
4 ng case ofthe Binomial Law. = 
— 
| 
— an — 
— — 
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n-Vvalue and the total Mathematically, 
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QUENCY DISTRIBUTION CURVE 


al 


in which N the total n number of days in the — the 
umber of of days in the period that n berths are occupied at a terminal (or n 
sels are in a port), as from the Poisson 


that 
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* which fp is the actual number of days in the period that n berths are occu- 
"pied at a terminal (or n vessels are in a port), ‘as determined from the ob- 
ne served data. The goodness of fit between the calculated values and the ob- 
served data is determined oo the use of tables such | as ha have been given else- ES ; 
The goodness of fit b 
- obtained by using the Poisson Law ranges ies about 65% (considered to i 
excellent agreement) to less than 1% (considered to be poor agreement). Poor” 
—— was generally found when the average number of berths was large a 
and the period for which data were available was short. It is believed that 1 if i 
- data for longer periods were available, better agreement would be found. pe, > 
= levels of agreement « obtained from these analyses are believed to be 
reasonable enough that the Poisson Law can be considered as representative _ 
_ of berth occupancy patterns at commercial marine terminals and, thus, can be ae a. 
used to predict the maximum practical berth occupancy of such terminals. An- = 
a illustration of this agreement is shown on Fig. 3, which presents a histogram | 
of the observed data and a curve of the theoretical values for the year 1957, at 3 


Portland, Oreg. Observed data and theorectical for several ports and 
2. 


_ cupy berths at the terminal exceeds the number of berths available on about a 
5% of the time, or an average of about 18 days per year. On these 18 days, 4 
vessels would be required to wait for a berth to be vacated by another vessel. 
‘It is found that this criterion for maximum practical berth occupancy is met 
a when an average A 0. 35 vessel per day requires berthing at a 1-berth termi- 
nal; 0. 82 vessel p r day at a 2-berth terminal; 1.36 vessels per day ata 3 
berth terminal; so forth. The corresponding berth occupancies are 29% 
calendar days : for a a 1 -berth terminal, 38% for a 2 -berth terminal, 


: —— eupaney versus number of berths with congestion 5% of the time is shown on 
‘4, The maximum penction! occupancy increases from 29% at a 1-berth 


"diminishing rate) for greater numbers of berths, 


“goodness of fit”) can eis determinedas 
from the Po t. The value o > — 
— 
¥ 
4 = 
stion must pe is not adequate. 
congest d to ves +. 
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TABLE 1,—COMPARISON OF ACTUAL AND OF VESSELS 
COMMERCIAL GENERAL CARGO TERMINAL 


Number of Days During Period _| Average Number of 
_ Number of General LL ___n Vessels at Term na! Vessels at Terminal 
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29. 03 | Less 


UPANCY 


L NUMBER OF GENERAL CARGO VESSELS IN PORT 


Number of Days During Period fe Number of 
ty: Number of General | Vesselsin Port 
ees Cargo Vessels in Port on 
Given Day 


a 
ne 
TOTALS 
Philadelphia, Pennsylvania: July-December 1955 
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We equipment needed to perform | a given service when the demands for that serv- 


_ ice are random. Because of the generally good agreement between observed — 


ack data and the theoretical values given by the law, it is believed that heen 


cies at commercial marine terminals. . In so using the law, the criterion of 


congestion which has been set forth herein is that the number of vessels de- >} 


: _ siring to occupy berths at the terminal is greater than the number of berths | : 
available for about 5% of the time, or that the terminal is congested on only > a 
bout 18 days: per year. this criterion, it is that the maximum 
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WATERWAYS AND H HARBORS, 


P. Fortson, LF. ASCE, and George B. Fenwick, F. ASCE. 


and its tributaries involves replacement of the obsolete and inadequate one 
of low-lift, movable-wicket dams and small locks with a smaller number of | oe 

--relatively high, gated dams, including greatly expanded locking facilities suit- 
able for handling modern tows. This paper describes the successful utilization 


: ee of hydraulic models to investigate navigation conditions that will be encountered | 


the new locks and dams. Several model ‘studies have been and are being 


used to develop optimum locations a and arrangements of the locks and dams and oti is 


‘< “ appurtenant structures, as well as methods of operation of the dam gates, that 2 


_ pleted in 1929 or earlier. ae of these dams are of the movable-wicket type 7 a 


with lifts averaging only about each one lock chamber 


-Note.—Discussion open until November 1, 1960. To extend the closing date one 


ee a a written request must be filed with the Executive Secretary, ASCE. This paper is part . . 


of the copyrighted Journal of the Waterways and Harbors Division, ‘Proceedings of the : 4 


ae American Society of Civil Engineers, Vol. 86, No. WW 2, June, 1960. 


Presented at the October 1958 ASCE Convention, in New York, N. Y. 

Ghf., Hydr. Div., U. S. Army Engr. Waterways Experiment Sta., Vicksburg, Miss. 

Chf., Rivers Harbors Branch, U. S. Waterways Experiment Sta., 
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By, the sgubieal deterioration and obsolesceace of the existing structures and the 

5 vastly increased demands « of river traffic that make the modernization ai and re- 

placement of existing navigation facilities on the Ohio River system, as well 

as the general requirements and criteria that establish the characteristics of 
the facilities anecessity. 


sills at river-bed elevation to permit river navigation at high are 
being replaced by a ‘smaller ‘number of relatively high, , gated dams (Fig. 1). 
The new dams will create deeper and longer pools—some morethan 100 mile * "; 
* length—and each will have a main lock with clear dimensions of 110- d-ft by at . 
1200-ft anda 110-ft by 600-ft auxiliary lock. 
Design for Navigability. -—River travel will be speeded by the pools, 
Bea requiring fewer lockages, and by the longer locks that will largely eliminate _ 
the present necessity for double or triple lockages to pass individual tows a ! 
optimum length. However, the new type structures also produce certain navi- = 
gation and hydraulic design problems not encountered with the old movahle- 3 
wicket dams. _ The maximum length of tow passing through the locks will be = ie 
doubled. Also, since the gated dams will not permit open-river navigation dur- 
ing high flows as did the wicket dams, these longer tows will have to use the a 
locks at much higher flows when current velocities | in 1 the co ari the ‘ 
_ Tows approaching a lock can be affected by adverse currents (Fig. 2) to euch 
an extent as tocause or contribute to accidents or delays. The currents 
the approaches to the lock or locks are controlled to a large extent by the con- 


figuration and alignment of the channel upstream and | downstream therefrom, _ 


et and are affected by the sudden contraction, then expansion, of he 2 a el pro- 
uced by the obstruction of the locks and guard wale. 3 Mined be 


uce an outdraft or cross-current that affects the movement of a down-bound _ 
tow at a time when its rudder power is reduced because of reduced speed with 
Pe respect to the river currents. _ The intensity of cross- -currents of this type is 

B.2, dependent | upon the position of the locks with respect to the bankline, the total a 
_ width of the locks and guard wall, the velocity and alignment of the river cur-— 

rents upstream of the locks, the width of the river channel, and | the general ele- 
vation of the adjacent c overbank area. e The sudden e expansion of the channel ag 

the downstream end ot bass lower lock guard wall causes an edd to ie in ‘the a 


a Currents in the shi that affect navigation are those toward the t bank ai the 
lower end of the eddy, the upstream currents along the bank, and the outdraft | ss 
or river-ward cross-currents at the upstream end of the eddy. An up- ~bound if 

tow approaching the locks with ‘little or no rudder control because of the 


position and intensity. Other currents which might affect navigation are 


— 
— 
 * 
current traffic as well as that which can reasonably be a x 
program of replacement and modernization has been undertaken, and the re- 
— placement structures are now in various stages of construction or 
[am 6 _the various districts of the Corps of Engineers, Dept. of the Army, under the — fp 
am: 
-% 
4 
— 
Phe erect OF Such 4 Contraction on Currents in The 18 [on 
— 
ele 
— 
— 
= Modern Facilities lor Unio River Navigation,” by James W. Bruce, 
and James A, Neill, Proceedings, ASCE, Vol. 83, No. WW 2, May 
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| 
those. resulting from lock filling and « 
from t tributary streams, and so forth. Some of the other problems in hydraulics 
with which a design must ‘contend are accumulation of debris and ice, swell a a: 
headat the dam and its effect on flood stages, erosion, shoaling in the approach ~ 
a channels, forces on gates, head ¢ “ot lock gates during lock emptying and filling, is 
_ Use of Model Studies... —Little authoritative information is available in (as- 
semblied form that could be used as a guide for determining the adequacy of a 
particular design from the standpoint of navigation. = Also, what may be satis- 
factory for a locks and dam structure at one location n might not be ~ renee ll 
at another site even a short distance away. Analytical studies to determine _ 


hydraulic conditions which be expected from a particular 


q 


_ FIG, 2.-MODEL OF MARKLAND LOCK AND DAM SHOWING 
ADVERSE AT LOCK APPROACHES 


of operates of the dam gates for the elimination of any undesirable conditions 4 
which might make navigation conditions for tows entering and neering the locks _ 


Since 1952 the Corps’ Waterways Experiment Station at Vicksburg, Miss., — 


_ conducted several model studies of proposed modern locks and dam struc- 
_ tures for the Ohio River and tributaries at the request of the Louisville, a, é 
ington, and Pittsburgh districts of the Corps of Engineers. Studies have been > 


completed on Greenup, Markland, Richmond, and Locks and 


— 
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yas 
WE = 
ia 
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sign are difficult and inconclusive. ydraulic model: have been used 
fully to study navigation conditions which canbe expected at sever — 
posed new locks and dams on the Ohio River to insure that the designs would 
. 
— 
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41). Studies a are on th 
_ Pike Island, Maxwell ‘Locks and Dam, and lee and Dam No. 4; ; the latter two 
_ structures are on the Monongahela River, a tributary of the Ohio. All of Sie 
_ Structures are to be new except for the Louisville Locks and Dam, and Locks Pa 


and Dam 4 ‘require considerable revision. — 


Description. —The models used fo on problems of hese 
i - projects are of the fixed-bed type illustrated in Fig. 3. The models are built 


- an undistorted linear scale of 1 to 120, model to 8 Fem om to insure the ac- 


"stream approaches to the locks. The reach varies from about 3 miles to about & 
6 miles, depending upon the alignment of the channel in the vicinity of the lo- 


navigation studies, except in flow over thedam and ‘Maintaining the 


upper pool elevation, they are simulated with sheet metal slide- type gates for a 
ie: 
~ economy . Similar type gates are also used to simulate the lock miter gates. 2 
In the design: of models of this type, provisions are made for the installation of oy q 
"rangement of the lock walls, in the composition of dam, and in dredging insofar — Bi 
as possible - Structural models used to study details of the locks and dam e 3 
such as the effectiveness of the stilling | basin, stabi ity of gates, 
- ete., are constructed to scales of 1 to 25 or larger. aay 4 a 
“Model Appurtenances .—Operation of the navigation models requires 
— appurtenances in addition to the usual equipment for providing and id controlling a 
water supply, water - -surface elevations, tailwater, and so forth. . One of the — 
most important and most used special apparatuses in the remote-controlled — ; 
2 self- -propelled towboat and tow. The towboat shown in Fig. 4 is constructed io 
reproducing the hull of an modern -type > towboat including twin screws, 
rudders, and Kort nozzles. The towboat is powered by batteries placed within 
the tow, and is operated by remote control utilizing a 4-channel radio transmit - a 
ter and receiver by the modification ot comme. cially avail-— 


The towboat can be operated in forward and rev 


times and various colored lights are provided to indicate direction and speed ay 
aad various on rheostat and an ammeter are also provided to permit the 
= adjustment of the maximum speedof the towboat torepresent towboats of — 
ous push powers . The towboat is calibrated under various loads, and a curve 
indicating the speed | in miles. per hour in a given depth of water is plotted 
against meter readings for each load. _ The towboat and tow are used in the 
ee models to determine the effects of currents on a tow and the difficulties en- 
reaches and and in negotiating bends or spe- 


re floats submerged 


— 

— 

— 

— 

— 

a — 

— 

Ciallytreated toprevent expansion, or sheet metal, or of a combination of wood 

— 

— 

— 

3 

erse at one-fourth, one-nalt 

the cot of the rudder at 

— 

— 

: 
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‘ hing FIG, 4.—MODEL TOWBOAT AND TOW USED TO DETERMINE 
NAVIGATION ‘CONDITIONS IN LOCK 


= 3,-MODEL OF GREENUP LOCKS AND DAM—TYPICAL OF MODELS) 
— USED TO STUDY OHIO RIVER NAVIGATION STRUCTURES iii 
A H- 
— 


“movements, force and gages, Brush recorders, and 

= ; modal of this type is to reproduce a series of selected representative river _ 

- flows with the river in its natural state, that is, prior to construction of the | 
proposed structure to be te “sd. Comparison o of the results thus obtained with 


ly reproducing flow lines, 


_ Testing of the structure involves the ms of several representative se 
flows, including controlled and uncontrolled river flows. Studies are made of | : 
Pe directions and strengths of significant currents in both approaches to the locks Eo 
_ by plotting the paths and timing the travels of floats submerged to the depth of a 
a a loaded barge, and by: measuring spot velocities in critical areas witha minia- 4 
% Pe ture current meter. Also, the effects of currents on tows are studied by ob- 
aan serving | the behavior of the model tow while drifting : into the upper lock approach, 


‘Fig. 5 illustrates a photographic method of recording the maneuver ing of . 4 
tow through a restricted r reach in the e upper | approach to the Louisville Zz 


and Dam. ‘Tests a are also conducted on the navigation ‘models to determine the 
4 effects of ‘the proposed structures on high flood stages by measur ing water - ay 


_ tures also require investigation of ‘special features such as effects of powe = 

operation, surges, and tributary inflow on navigation conditions. 

Be Greenup Locks and Dam.—The results of a model study of one project have bY 

been | useful in the design of other structures. The first of the series of studies _ 
of modern locks and dams for the Ohio River was that of the Greenup project. e 
_ Two alternate plans for this structure (Fig. 6) were first considered, one with 
‘the main lock and long guide wall on the landside and one with the main lock a 
and a long ‘guard wall on the riverside. The study readily demonstrated that e : 


% oo in subsequent designs. With the main lock and long guide wall on the land- : 
Eide ‘side (Fig. 7), it was found that tows would have to approach the guide | wall suf- 
ficiently close to attach 1 mooring lines, and a slight misjudgment of currents by — 
_ the pilot would place the tow in danger of hitting the end of the wall or of being 4 
_ moved too far river-ward to attach mooring lines. Tows attempting to avoid — o 
these hazards by driving ahead at an angle, toward the guide wall, to attach 
‘ ms: lines, would be in danger of having their sterns moved river wee by ; 


‘extend upstream to the lower endof the wall, and the | river- -ward currents 


3 “of the eddy at that som would move the head of an upbound tow away from the | 
wall. _ Here again, a misjudgment of the currents in the eddy could cause the 


head of the tow to strike the end of the guide wall, or else to pass too anna 


a 


sent directions and velocities of the 
— i 
— 
q 
. 
— 
= 
— 
— ihe The pilot could pass the end of the guide wall at a safe distance, drive the head 2 
a ar of the two into the wall to attach lines, and then work the stern of the two into a 
alignment with the wall. However, considerable time could be lost in making — a 


.—A SERIES OF INSTANTANEOUS EXPOSURES IS USED TO RECORD 


‘PHOTOGRAPHICALL 


— - 


line: up to enter the locks from either upstream or Even under 


i _ this condition, ,however, the model tests indicated that ports heough the upper 


a guardwall would be required to reduce the hazardous: riverward crosscurrents a 
i in the upper approach immediately above the end of this wall. a. Fig. 8 shows | 
navigation conditions in the upper approach with and without ports through the 
a; guard wall, and the manner in which these conditions affect a downbound tow. a - 
Greenup Locks and Dam model study also demonstrated that the locks 
and walls could be moved riverward 100 ft to reduce the volume and cost of a 
required dredging. In addition, the study demonstrated that the length of the | 
— could be reduced, and that discharge from the locks empty- 
ing system would not affect navigation in the lower “approach during low flows 
with the main lock located on the without ar - 


= a. 
INTERMEDIATE WALL 


MAIN LOCK ON RIVER SIDE 


6. ALTERNATE LOCK CK A GREENUP 


oa Per Locks and Dam. _The M sai land Locks and Dam are to be located : 
downstream of bend with the locks on the outside of | the curve. Because 
_ of this position, flow will be concentrated on the lock side of the river andve- 
locities in the will tend to be higher than those encountered at the 


¥ 


4 above the guide wall, would be required to improve the alignment of currents p 
in that vicinity and facilitate the proper aligning 4) tows prior t to ) their oe 


the upper lock approach, 
_ The study also indicated that dredging of the right bank opposite the lock | 


S would reduce the concentration of flow along the left bank above the guard wall, = 


thus rigge velocities and improving the alignment of currents in the ae 


ne 


the main tock and a long 
g guard wall located on the riverward side of 
— 
a 
4 
— 
— 
— 
— 
— 
— 
— 
— 
A 
#8 
— 
— 
resulted ina a i j 
model also indicated that with thi dredging without affecting the results. 
be reductéd from 13 to 12 without the number of damgates could 


iim 


PPER 


UARD BEN 


PER G 


— 
— 4 

— 


Tests: were also conducted to detevenine: the adlocttvenses of an ice and de- 
_bris chute in the upper guard walland the effects of powerhouse operation and 
_ the Steven Creek div ersion canal discharges on navigation conditions. . The re - 
sults of these tests indicated that: 1) the debris chute would be effective - i 
clearing the upper approach of ice and drift but would produce conditions hazard- 
ous to merigniyen: 2) powerhouse operation during low river flow would produce 


ss from the lock; and 3) the length of the Steven Creek diversion canal ted 
be reduced appreciably without affecting navigation. 


ture is proposed for construction in a relatively straight reach of the river. aay 
_ The original design included ports in the upper guard wall and no major changes 
: were indicated. The model study indicated that the top of the ports in the ss o 
per guard wall should be lowered to an elevation of 15 ft below normal pool to hae 
reduce the tendency for tows to be pinned against the guard walland to facilitate — 
movement of tows approaching the auxiliary locks. 
_ _ Because of the elevation of the overbank adjacent to the locks, considerable 
overbank flow occurs during the maximum navigable stage. Placing spoilalong 
= the overbank SO as to reduce overbank flow bypassing the locks and dam would — 
e increase the amount of flow the guard wall tends to intercept and thus the in- 
tensity of the outdraft at the end of the wall. Moving the locks and lock walls — 
: ? landward 50 ft would tend to reduce the intensity of these crosscurrents at the 
Louisville Locks and —The Louisville Locks and Dam (formerly Lock 
e - and Dam No. 41)is an existing structure requiring considerable revision. The | 
j m consists of two bear traps « each 91 ft long just upstream of a hydroelectric © 


plant, and the remainder of fixed and of old type maneuverable dam a total 


‘The dam, placed in in 1927, is: in constant need of maint 


of this: 

long narrow w approach channel, high lift, and slow lock iting and emptying 

_ characteristics, the Louisville Locks and Dam | is one > Of the most critical traf- 


Louisville Locks and Dam model 6 miles of the Ohio 


bridges, levees, walls, buildings, and such other structures as affect flow con- - 
ditions in the prototype. Construction of the existing structures was required 
to provide a basis for adjustment and verification of the model with measured Re 


surface elevations, ‘velocity and current direction measurements, nd 
in the approach canal resulting from lock filling. 
ae bs proposed improvement of conditions at the Louisville Locks and Dam 


= 


— 
— — 
— 
— 
ad 
&g 
4 
ae = () - CK. i- 
lift and consist of one 110-ft by 600-ft lock and one 56-ft by 300-ft lock — 
— — 
— 
conditions that could affect navigation conditions: within 


ation of the lock < gates. The existing 600 -1 ft lock is filled in n about 18 min 1. This 
filling operation produces a surge varying from about 1 ft (low to high) to a about 7 — 
_ 3 ft depending upon the number and timing of lock filling operations. The 1200- . : 
ae ft lock will be filled within about 9 min which will increase the rate of filling — 


a - tendency for surge about 4 times. In this case the model was used to mtd = 


including gated structures: were tested and rejected on the basis of model indi- 

_ cations of their effects on flood stages, high velocities in critical areas, and, 
in one instance, the indication that six of the proposed 14 gates would pass little 
or no flow during flood stages. In the lower approach, tests were conducted — ae. 
a to eliminate undesirable flow conditions and to reduce | the head on the lower oe 


surge basin, the moving of one lock-filling so as to draw water from the 
surge basin, a ported lower lock guard wall with dredging along sand Island, _ 
“g the establishing of the grade and location of spoil, and revisions to the dam. 
a _ Other studies are in progress | (as of October, 1958). The study of Pike Island 
Locks and Dam is” one of these. | Several plans and modifications have been 
tested including changes in the locations and alignment of the locks and - 
and the panies: of the locks with respect to the dam. The results of these tests 


and tests of the two Monongahela River Locks and Dam 


ene 


have been more or less standardized. Also, considerable 
knowledge has been gained on certainother design features, methods of evaluat-_ 


ing navigation conditions, and the type of structures ‘es desired by or acceptable 
the main lock on the riverside of the auxiliary lock and including 


upper guard wall ‘not only improve navigation conditions but also tend to reduce y 
scour at the endof the wall. They further tend to minimize the swell-head pro - P ; 
_ duced by the structures through reduction in the size of the eddy on the river- _ 
side of the wall, which improves the distribution of flow over the dam. gr eu 
oe _ The number and size of ports required in the upper guard wall vary some-— 


= tow can be made to drift into the upper lock approach. On the other hand, | i ~ 
= the capacity of ports | will also increase 1) the tendency for ice and 


Glo 


a drift to be trapped i in the upper lock approach, 2) the <a of tows anol 


4 


— 
— 
= a @ Lay _ Also, in connection with the approach channel, the placement of a large — s 
7 #8 quantity of dredge spoil and its effect on navigation conditions and on flood a = 
— 
— 
— & 
q 
— 
What with each condition, depending to a large extent upon the amount oi 
: ‘ae flow the wall tends to intercept and the hydraulic efficiency of the ports used. [iim 
a 
OC PUSS The Guard wall, Ane the Ganger Of Wows Hitting the upper 


“lock gate the i increase in the speed iof drifting. 
_ ing the top elevation of the ports will tend to reduce the tendency for tows to ne 
‘ __ be pinned against the guard wall and the difficulty of tows entering the auxiliary Be 
— Because of the nature of stream flow, the configuration and alignment of a 
this reason, 
design features found ‘satisfactory for a lockand dam structure in one locality 
= always be applied to another location. Observation of a model of a poe 
e ject in operation often brings to light certain undesirable design features or 
~ certain problems that will require special treatment which cannot be resor 7 
‘ mined from an analysis of prototype conditions or which may not have been * sig 
recognized as a design consideration. Each of the model studies of Ohio River 
‘  — and dams conducted at the Waterways Experiment Station has resulted in Pe ; 
g - major changes or modifications in the original design except in the case of the a = 


; ; _ New Richmond Locks and Dam where only mi — revis 


_ still greater significance have been the design modifications that will il greatly 
improve the navigability of the ultimate structures in the river through the 
elimination of navigation hazards, | ‘some of which would probably have other- 

ee wise required modification of the structures after their construction in the ia 


_ The models have also proven to be a valuable tool for demonstrating Ti. 


"trations, arranged by the Ohio River Division and the Districts concerned, 


P _ have produced two substantial benefits: 1) experienced navigation people have 


structures; and 2) navigation interests have been | in as 


\ 
lons were indicated as 
ibutable to these model 
Studies is difficult to evaluate. ‘The edging volumes, and in the 
number of dam gates ~equired, in decreasing — 
7 ere Who W DE 
— 
F 


action of vertical, horizontal, and bending moment forces is outlined. By use 
simplified assumptions and pile a method is for 


; then by successive approximations (similar to moment-distribution methods) — 

‘the forces are determined. A more exact solution for the problem is arrived A 


Piers are mainky to vertical forces. due | to loads from 


cranes, vehicles, | and the weight of the structure itself, | as) well as horizontal 


AR the design and the choice of a pile system. When the acting loads are not great, : 
= the horizontal force, vertical piles only are used. 


rhe i _ Note.—Discussion open until November 1, 1960. To extend the closing date one month, | j 
a written request must be filed with the Executive Secretary, ASCE. This dr ce is part 


Asst. Prof., Struct. re Dep 
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Proceedings of the American Society of Civil Engineers 
BIS OF LOAD DISTRIBUTION IN THE PILES OF PIERS 
— 
— 
a 
— = 
— 
— 
— 
a i. batter piles becomes necessary to provide sufficient lateral resistance and | 
— = 
— 
A 


increase the rigidity of the piles m may be used alone 
with vertical piles 


Hine PIERS WITH VERTICAL PILES ONLY 


1. The deck of the re hich nsidered asa pile cap) is 


Points of support of the are at the same 7 
5. Horizontal displacement of the top of each pile in relation to” the | point 


In this type of pier the horizontal force is transferred to the ground by shear 


_ which produces bending moments on the pile. Hence the acting horizontal force re 
be small since the piles offer relatively little resistance to bending. 


. The loads on the piles a sop 

— the group of piles : in the pier s ‘unsymmetrical and x is the distance of 
each pile from the centroid of the pile group ande is the eccentricity of the 


_ jected to a moment V e - Hh (e to right of centroid). 


The axial load (Px on on any pileis 


. 


i 
(«Tt — 
— 
4 
es. vertical force V from the axis of the centroid, the ier as a whole will be sub- ce, | a oo 
According to assumption 5, the horizontal force H_ is resisted equally by 
Assuming fixity at the top or datum level of pile, the bending moment will 
Example 1.—Given a symmetrical pier with three vertical iles subjected =a 


pate: 4 
10 tons perm 


75m 


— 
— | 
— 
— 
— 


‘eerie force on each pile = = 3. 33 tons ra man 
Bending moment on each pile = 16. 65 ton ¥ 


In piers aS oe batter and vertical a as shown in Fig. 4, the hor 


zontal force H is resisted only by the batter piles. In such groups the bending 


small) 


Fa of vertical piles are still valid. Moreover, the e following assumptions are con- - 


d: 
Each is hinged at the top and 


, each having the same and height he 


a 5 In piers, any system of forces acting could be reduced to | 
4 a. a vertical force V acting through the axis of symmetry; 


horizontal force H acting through axis of deck; and 


_A Pier Subjected to a Vertical Force V.—Ifa vertical force acts ona sym- i 
“metrical pile pier at its centroidal axis, as shown in Fig. 3(a), and since the i 


deck is rigid relative to | the a aaeeg vertical displacement by at the top of s 


each pile will be the same. ‘or | 


— 
— 
91) 
— — 
— 
4q 
— 


“a wie 


Consider a pile AB inclined at an wen @ as shown in Fig. 3(b); when sub- | 


ill 1 5u 
to vertical force V, the pile moves to AB’. 


vertical displacement (6y) can be regarded as a displacement sin 


_ (represented CB ) at right angles to AB and a contraction cos (repre- 


AC = 


3 The total contraction of t the pile is s given by a 


Ecos 


4 


PAs 
since all pie tops are vertically me then 


1/ 


: wind 


+ 
“ag 


— 
— 
— 
— ™ q 
4 
— 
— 
a 
[cos ¢ 


Pier Si Subjected toa ‘Horizontal Force H.- —If a horizontal force H acts at 
deck the pier as shown in and since the pile om is right 


and the horizontal force H bie opposed | by h porizontal reactions 


P, sin 


AB’ which could be considered as a displacement on cos > at right “en to 
_ AB and a contraction (or extension if pile is inclined toward the left) on sin 
displacement at the top of any pile 


tis aus 


P 


Py cos 18 


— 
— 
— 


cos 9, sin 
cos sin’ + cos $9 + cos sin® 


“Axial in Piles I Due to a Bending Moment —If “the deck of 
_ metrical pile pier, as shown in Fig . 5(a) is subjected to a bending moment Mm 
af ee rotate through an angle a. This bending moment may be due to the ec- “4 
y of the force V or the force H. In this 


L 


- moment. It must be noticed that the sums of the resulting vertical components @ 


S91 Sin” 91 + cos sin” +... + cos sin’ 2) 
3 
— 1ent will develop a com gr lockwise 
nd sroun and tension on the 


E 


| 


‘Since the pier deck i is rigid in comparison 


to Fig. 5b) 


eactions at the top p of the | ies in | such a way | that 


in tevins of only: 
cos $5 


cos® 


— 
— 
4 
. 
4 
— 
= Py 608 af 


‘PILE LOADS» 


V= 10 tons per hee 


= 


a 


a eisai 2.—Given a simple symmetrical pier or of a group of batter and ver- 


In the following, the pile 
the vertical force V and the horizontal force H. 

Bee tole; ee Forces (V).—From Eq. 14 the axial force in each of 


e 


at: 


a 


| 


i 

8 

2x 31.8 x cos ae 

Force H =10 Tons. is no in ‘the 


— 
— 
— 
a 
— 
— 
— 
As a check, the sum of tl 
— = 
—— 
— 
a 


5 


ro to H are the components of H obtained from a istenaie of forces for the 
fenetion of the batter pone a only, since the vertical _— have no > load due to H: 


Ae the same span and height as in Example 2 (Fig. 7) in which 2 = $3 ( where aE 
> 


hy 
ch 


5 vertical piles and four batter ones 
fe 


% (where. cos $3 = 0.957; 
"Vertical Forces (v). Forces in vertical piles 


— 


ae 


that 


— 
— 
— 
—- = 
— 


‘Forces in batter piles: 2 


‘ 


um of the vertical components i 


2x 245 x 008 + 2253 x 


». Horizontal Force (BH). in vertical 


943 x x 0.3: 33 


2x0.943 x + 2x0.957 


= -8.6 ton (compression) 


PIERS WITH GROUPS OF PILES 
In the analysis of axial forces on piles in anunsymmetrical group it is ile - 
sary to find theelastic center of the piles. This is definedas the point through | 
which a vertical or horizontal force is acting which will cause only translation 


without rotation. To find this point and the final forces in piles, 


— 
Asa check, 
P, = + 
— 

ps 


‘In the. following there is a simple and practical solution. for the 
by considering only the vertical displacement of the pier deck 
dealing with acting vertical forces. ‘This is based on the assumption that the 


- deck is restrained from horizontal displacement as ina wharf or by ag oo 


determined from laws of equilibrium apetiod to the pier as a whole. The equi 


We librium of horizontal reactions will create a residual unbalanced small vertical 
be distributed on to the method of moment 


-Unsymmetrical Pile Pier Subjected to Vertical ‘Forces.—If 
_areto be considered, it is assumed that the effect of horizontal movement (deck 
side sway) is neglected | in the first instance and that each pile is compressed ; 
_- vertically by the same amount. This is the case when the resultant of the act- 
ing vertical forces V is passing through the axis of the piles’ centroid. Other - 2 
a wise the pile deck will rotate beside vertical ‘movement as to meeceill Ve 
Determination of Axis of the Centroid.—It is ‘that the pile deck in 
_ Fig. 9 is displaced a unit distance vertically downwards. Referring to Fig. 3(b) | : 
™ axial a of pile AB is is cos @ and the reaction of the pile is cost o 


4 
er a5 4 firs force a — 
vneg- 
1g with horizontal for tance 
— 
‘Bas: 
— 
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The vertical al component of the reaction to the top of pile A AB is equal to (k/n) 
39). oH _ Denoting the distance of the centroid of oe vertical components of 


“9 The axial sii in any pile inclined at an ste tx due to v and M v is n 
through axis of the centroid) will be 


‘From of eq ilibrium in the it is found that at the 


vertical of reactions are eatiatying the condition : 


“zontal This 1 means that the ‘system is not in equilibrium in in the latter 
direction an and an Sngeey? horizontal force H must be applied at the pier deck 


sontal force will create additional axial ‘eat in the piles. bas 


considering the effect only of horizontal movement (vertical displace- > 


an due to H will be 


Approximati Eqs. 14 and 31 he pile reac- 
Piles by Successiv we can apply te value for the — 
Forces in Piles t the beginning, an approximate 
_thesymme a 
— — 
— 
ment i Eq. 23 as e inclined at 


A close epemstuntion of the algebraic sum of the horizontal components of of Pe 
(obtained by adding results from Eqs. 34 and 37 shows that 


Actually this Ree imaginary ry force V is small a: and will create a very small a 
unbalanced horizontal force H, so that it could be neglected. Otherwise — 
et process is repeated | until il the required precision is attaine ; 
Combining results from all previous acting and imaginary deck forces, 
ak final axial pile reactions are determined for the case of the pier when it is free 


Unsymmetrical Pile Pier Subjected to Horizontal Forces. —The 
SS a this case of acting horizontal forces is the same asthe previous one. First, _ 
the vertical displacement is neglected to get approximate reac- 


n 


“vertical force back an unbalasiced horizontal 
from laws of equilibrium. It must be noticed that the resi- 
unbalanced forces are progressively decreased as the process” is repeated. 


The loadings, s span ont height of pier are to 


Axis of the Centroid (Fig. 11).~-From Eq. 33 


cos 6.5 cos’ 


— 
— 
a 
4 
— 
force whic 3 
— xample 5.—G in which Sin $2 = 0.33; 
_ ky 0.943; sin $2 = | 
— g + cosy +1 : 
— 
— 


une, 196 


10 tons per m gis 


_ 


= 


pier deck w will be to a vertical 50 tons) an 


Sates. ‘moment (M = 150 x 0.2 = 30 ton- m) passing through axis of centroid as shown i 3 
Forces in Piles Due to Vor H or M.— —Eqs. 14, 23, and 31are tode- 
oe termine th the effect of V, H, or M. A solution is presented in Tables 1 and 2. 
Bes wae approached by sonatdetied the group together with their deck, as a sta- 
tistically indeterminate system. A main statically determinate system is to be 
¢ first assumed and t then the unknown axial forces in the redundant piles can be 
calculated by the method of virtual work. This method has the a advantage of 
. a introducing the bending and axial deformations in the pile deck, as wellas the 
axial deformations of the piles tothe solution, 
Moreover, this method can be applied to the same degree of accuracy for 
oy symmetrical and unsymmetrical groups of piles. As the deck of the pier is - 
- always compared to the piles, the assumption of hinged connections a 
the deck and the piles will help to ‘decrease the statical indeterminacy | of the 
In Fig. 12 the main system is chosen by assuming a a cut in piles 1 and Qa and . 
calculating the bending moment Mp and thrust No diagrams from the equations 
a ete _of statical equilibrium. Virtual loads Xj = 1 and Xg = 1 are then applied along 
the assumed cuts. Diagrams for Mj, Nj, M22 and NQ are then drawn. The re- 
dundant axial forces in piles 1 ‘and 2 can be the following 


5 


where ly and Le are the lengths les and and and Ao are othe 


The deformations are by 


{ 
5 % 
a 
— 


-FORCE D 


| 


in tons 


0 705 | 


Horizontal 
8.2 tons — 


etn bas 


: in tons 


— 


Ve rtical 


tons Col. 6 cos Col. 6 sin 4 


10.4 | ; 


Unbalanced 


he ag 
‘Horizontal = | 2 


| 

8} | 


“Horizontal = ... | -110 | | 3.625— 
— 
i 
— — 

— 


2 (Fig. 6) will be determined (Fig. 13). 

Byer Assume a deck cross section of 0.4 m by 1.0 m (area = 0.4 / sqm and 
68 033 m4) og a pile cross section of 0.4 m — 0.4 m m (area = = 0. 16 aia m and 
0.00213 m4); thus Igeck = 15 


i- 

™ 


ig 


ey 5. Opocy 
0. 8) (0. 8)(10) 


“Thus are as follows: For the vertical piles, and | P4, 
force = 0 and for the batter piles, P2 = -8.33 tons and Pg = 8.33 tons. 
ample 2: Py = = 0, Pg = 8.3 tons, and P3 = 8.3 tons. 
# Example 7.—The more exact solution will be used to , get the forces in the 
iles of Example 3 due to a horizontal force of 10 tons (Fig. fogs D Tee boll 


(20. (11 80) (0. (10) - 


batt. 


3.66 + (5. 48) (3. 5) (5. 48) 


53) (10)+(1) (1) (10. 


It is therefore necessary = 
— [_ (109) (5.75)_ 3.66 - 3 
— .«¢ (-18.90) (0.953)(10) — 
— 
— 
— 
— 


-0.953) 


4 


xX, = 16. 1 tons 


-3.6 tons. For the batter -16.2 tons and 
= 0, Po 1 and F'3 


P4 = 

Example 3 i it was sfound that Py = 

CONCLUSION 


a is d th 


ons is small and thus both paints are e acceptable. a 


vol 
0.05576 + 0.003425 x, = - 0.000093 x, 
i 
Stns, 
— 2tns. 
— 
Methods of solution presented hereinoffer simple procedures for the analy- 
sis of load distribution in any typeof pier or groupof piles which can be quickly 
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3 ENGINEERING ASPECTS oF COASTAL SEDIMENT MOVEMENT® 


_R.G. DEAN,! A. M. ASCE and P. S. EAGLESON,2 A. M. ASCE.—Dealing — 
with and predicting coastal sediment processes presents the coastal engineer — 
witha challenging and difficult problem. As enumerated by the author, the large © 
aa number of pertinent variables, many of which are not readily measurable, and 
_ their affect on coastal physiography has precludedany comprehensive analyti- 
- cal treatment of the problem. The author has, also, presented very clearly in 


cesses which heretofore were considered only ‘separately. . For a given  situa- 
tion, the necessity of considering the meteorological characteristics of the - 

given area as well as following up modifications or with hy- 


; yee these phenomena so involved and complex that they cannot be predicted ~ 
¢: analytic means ? - With the long-range purpose of attempting to relate beach > 
= 
characteristics (that is, slope, median diameter, etc.) to meteorological pat- 
_ terns or ensuing wave conditions, an investigation is being carried out at the = 
e Hydrodynamics Laboratory at M.I.T. under the sponsorship of the Beach Ero- 
= sion Board. This study is concerned with conditions in the offshore zone (sea - 
of breaker line) and in the initial phases of this program the mechanics 
. of motion of a discrete spherical sediment particle on smooth and ‘roughened 
F a sloping beaches was related tothe local wave characteristics. It was found that . 
a for an equilibrium beach profile, two different types of sediment motion could , 
govern the relationship between beach and wave characteristics. A description 4 
of this study and these types of sediment motion is presented elsewhere. ol A =. : 
logical query is whether a theory based on a simple model such as the one » de- a ; 
“ scribed therein? can be used to predict characteristics of natural beaches. ; 
_ Comparison of predictions based upon this model with natural beach . profiles Bey 
and wave characteristics as provided by the Beach Erosion Boardis presented 
; elsewhere.4 This comparison shows that the trend of the predictions agrees 
— well with measured beach characteristics. It should be stressed that the wave ; 
_ characteristics: used for the measured points were estimated and that the theo- 


ry is valid only for waves advancing normal to a beach. As stressed by Mr. 


1 Asst. Prof. of Hydr., Hydrodynamics Lab., Dept. of Civ. and Sanitary Engrg., Masa 
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profile may be affected ‘considerably any longshore ef- 
fects which, of course, are difficult to include in any laboratory investigation. pee ; 


In summary, there are presently two basic problems to be reconciled be- 


fore a comprehensive theory can be developed and used effectively to predic 
The first of these is the development of analytical expressions in- 
BA cludes the many factors brought out so well by the author. _ On one hand, the 
Re use of a laboratory is desirable in order to have better control and measure- Po 
1 ment of the variables, however, the effects which are feasibly included in a la- “i an 
_boratory investigation are limited. For example, the effect of rocky headlands" 
ae which are essentially fixed boundary points, and longshore currents have not P 
ee. _ been included in past laboratory investigations. From this point of view it ap- 
pears” | that a comprehensive solution must be based on investigations carried a 
ie out in the field where all possible effects are generally present. Miller nd 
_ Zeigier5 are presently (1960) carrying out such a study on the shores of Cape 
and attempting tocorrelate their measurements with the theory presented 
elsewhere. One of the difficulties associated with such a field study is that 
the presently available techniques for obtaining sediment samples are not com- a a" 
_ pletely satisfactory and the necessity of dealing with complex sea conditions ee 
raises definite questions in attempting to relate, for example, sediment char - 
ae _ acteristics to some effective wave height. It seems that any comprehensive — i 
_ solution must then arise from an allied se of laboratory and field investi- - 
2. The second problem, once such a theory has been developed, is that it aa a 
“may involve such a complicated arrangement of a large number of variables | a 
: _ that in order to apply the theory, an an expensive wave, current and sediment entsur- 
‘There are two effects which, w with ‘the passage c of time, will enhance the 
velopment and usage of a solution and tend to q 


“The continuing of oceanographic and sampling in- 
struments and techniques necessary | for the establishment and usage of such — 


nsive analytical solution will become a useful and necessary tool available 


+5 A Model Relating Dynamics and Sediment Pattern in n Equilibrium in the Region “a 
‘Shoaling Waves, Breaker Zone and Foreshore, ite yR.L. Miller and J. M. Zeigler, Jour- 
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INVESTIGATION OF RUBBLE-MOUND BREAKWATERS2 
ae OMAR J. LILLEVANG,1 M. ASCE.—The engineer who struggles to keep 
abreast of the growthof knowledge in the field of harbor and coastal engineer - Bes 
we _ can find valuable assistance in Mr. Hudson’s paper. ' The bibliography re- oar 
Ba fers to information which is found in only a few libraries and not many of the 
references include discussions by reviewers or supplementary contributions. 
Pa the reader who finds too little time for study, the discussion by others . 


the work of technical authors is a great aid to quick evaluation. Wider ditri= 
bution of information on new work and ideas is needed; it is appreciated that 
Work such as the present paper, originally given limited distribution by the — a 
oer Waterways Experiment Station, is published in the journals of the Society. a5 cP vi 


4 


‘FIG, A. TYPICAL SECTION OF A WAVE RECORD 


Other the ody py Hudson, and, in 1952, 
R. R. ‘Putz2 published an excerpt from anactual wave record which 
shows characteristic Fig. A is Putz’ ‘illustration, and from it 


e series. 


& 


1 Senior Engr., Leeds, Hill and Jewett, Inc., Los Angeles, Calif. ._ deed 


4 From R. R. Putz, cate Transactions, ASCE, Vol. 33, N 2 
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a hx size determination as for concerns with uprush of the seas. Where wave sta- [iim 
tistics are available for a problem site the record normally presents frequency 
af areurreancre of the “Sionificant®? wavec and nerindse the term heing a nrerice 
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ng i ce: _ if the major waves were always tightly grouped, any heavy overto a 
uprush on seawalls would be an extremely burdensome problem of water dis- 7 
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aves 3 do not ordinarily group themasives within the ne and the structure 
design }may, therefore, often be related to ‘some lower average wave Over 


overtopping. it is apparent that if one would consider making the crest wider 


_ than the minimum width dictated by construction procedures, and drain off the 
: a cresting water through the armor voids, then data on the volume of water at 
; any elevation in an uprushing wave would 1 be m most helpful. ‘This need for know 


ledge of volume versus» elevation becomes particularly acute if t 


he 


REST ' 


egr 
curtionad for the area landward of the seawall. If such information exists, its a 
be sought; if it is an area of which could 


"Armor stone might be selected of a size to completely resist the maximum _ 


= in a train of waves, but something less is usually acceptable. - Armor a 
 gtone in well built and successfully maintained breakwaters and seawalls are 
b not often as large-as would be indicated to be necessary from application | of 


— 
best eco- 
5 he design may be t s of a ref- 
— Wa roviding for | three basic e wave runup 
— rtopping and p Fig. B shows ating with the st of 
4 q = Accepting over many instances. considered in tr se for raising the cre na wna 
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formulae which neglect interaction stones than or 
_ sider the interaction to be a safety factor. “Well built,” in this writer’s view, 
Bae requires that armor stone be placed with care, not dumped, and that above the 
aa water line the individual pieces be selected for shape of fit toother stones | 
and laid in juxtaposition with them and in an attitude of optimum stability. 


may then | as the > whole structure accepts wave attack, 


‘ armor stones, the wave- -affected slope should be flattened so only friction is 
relied upon, if maintenance is not to be excessively costly soon after the first ‘ 
the of dimensions of stones of a 


“Shape Factor.” It would be useful if in author’s closing d 
added data to illustrate the | Shape Factor were included. 


wevelites wave forces is comparable with that of the forces of breaking waves, 3 
_ though the wave motions are different in characteristics. An elaboration —— 


4 this statement would be most interesting. Would this view lead one to rational 


unseen portion of rubble structures | little has been found. 

Br RES Presumably the tests, under way in the Beach Erosion Board’ 
F flume, on stability of very much larger stones in rubble-mound structures will 
- evaluate the significance of scale effect in Hudson’ 's experiments. . As a follow- 


up of Mr. Hudson’s paper, it is hoped the results of the large-scale work ad 
its relationship to the small- scale will be of a paper. The subject 


be 
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S. EAGLESON, 1A. M. ASCE and R. G. 
“mentions wave-induced onshore-offshore sand ‘movement. as being probable 
means of supply and loss of beach material. . In reviewing the present state of © 
Ee of these factors, however, he concludes | that, “The contribution s 
sand from offshore sources is completely n unknown factor, but it is 


blyrelativelysmall.” 


Johnson appears to have based this upon the study made 
Hall of unsuccessful attempts by the Corps of Engineers to nourish atest 
beaches by offshore dumping of dredged 
uit Work done at the Hydrodynamics Laboratory at M.I.T., over the period 1952 
date (1960), provides both a rational explanation for the failures of the: nour 
; ‘ishment experiments and a means of quantitatively evaluating the importance 
of one mechanism of onshore-offshore sediment transportation. = 
findings of Ippen and Eagleson# may be summarized by the 
physical description of wave-induced bed load movement: 
a _ As a deep-water oscillatory wave moves into shallow ' water it produces os oa 
i. cillating pressure gradients and, thus, oscillating fluid velocities near the bot-— 
tom. _ The shallower the water becomes, the larger become these oscillating — 
pressure gradients and velocities at any given distance, - y, above the bed. | As 
a consequence of this, the instantaneous hydrodynamic forces exerted on indi ie 
: a bed sediment particles will also increase in a shoreward direction. 
a a some point on the offshore slope these instantaneous hydrodynamic forces Ps 7 
may become sufficiently large to cause static instability of bed sediment par - ‘ 
3 ticles of a given size. This location is called the point of incipient motion for 4 “4 
sediment size for the given bed- -particle geometry and beach slope. 
Onshore of this point, if the beach slope is the same, that particular | 
: ment size will bein a condition of oscillatory of quasi-oscillatory motion, since ae: 
me - for some (increasing) time during each wave cycle, the instantaneous hydro- ue a 
forces will exceed that wales | to tip the particle out of its 
i. A bed sediment particle which is in a fluid velocity field stronger than that ff 
to produce incipient motion of that size is ina 


Sir e Asst. Prof. of Hydr. Engrg., Hydrodynamics Lab., Mass. Inst. of Tech., Cam-_ 
., Hydrodynamics Lab., Mass. Inst. of. Tech., Cambridge 39, 
Ke a 3 “ Artificially Nourished and Constructed Beaches,” by J. V. Hall Jr., Tech. Memo- a 
randum No. 29, Beach Erosion Bd., Washington, D.C. = 
Pe “A Study of Sediment Sorting by Waves Shoaling on a Plane Beach,” by A. Tv. Ippen rs i 
and P. Ss. Beach Erosion Bd. 1 Tech. Memorandum ‘No. 63, Washington, D. ae 
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a mass transport: or “drift” 


of the oscillating fluid particles so ) there is a net 
The direction and magnitude of this net sediment motion ns upon the 
relative value of the opposing components of the gravitational force, Fg, a 
the net (over one wave cycle) fluid force, FF, in a plane parallel to the beach 
slope. When Fg > Fr the net motion will be offshore and when Fg < Fr the 
particle will move onshore. \ When Fg = Fp, the particle oscillates with no net - 
motion. a beaches having positive slopes which increase gradually in the : 


wet the equation motion of discrete parti 


aia aa a plane beach and from ryeccireren related experiments Eagleson an 
Dean presented | the earlier datat in terms of familiar physical relationships 
from which extrapolations to natural beaches might justifiably be made. Their 
findings may be summarizedas follows: 
7. Incipient Motion. — For ‘sand in sea a water, the size particle just capable of 


local wave length T is the period in 


Pe is the integrated form of the instantaneous equation of bed particle motion. © 
, = This integrated form is (details and assumptions _— been presented | else- 


dence ‘meabured between a . normal to the wave crests and the gradient of the 


‘constant depending only upon the bed- 


Rats 5 “Equilibrium Characteristics of Sand Beaches in the Offshore Zone,” by P.S. Eagle 

son, J. Dracup, and B, Glenne, M.I.T. Hydrodynamics Lab. Tech, Report No. 41, — 
6 “Wave- -Induced Motion of Bottom Sediment Particles,” by P. S, Eagleson and R. 

Dean, Proceedings, ASCE, Vol. 85, No. HY 10, October, 1959. 

Fos ‘EA “The Mechanics of the Motion of Discrete yet Bottom Sattiient Par ticles Du 
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which is wave celerity in ft per sec, and is the dynamic fluid 
viscosity in lb sec per sq ft. baw its bovom 
The volumetric rete of bed sediment flow. on a sand beach be e written: 


i. and t is the decimal percentage of time that the open wave oe : 


Therate of sediment transport by this can be seen in the gener - 
; a case to be a function of position on the beach, a fact which, due | to comity bi 
oy it The value of N has been determined experimentally” to be 
“Mass in Water Waves, by M. S. Longuet-Higgins, Phil. Trans. Roy. 
ite S00, London Series A., No. 903, Vol. 245, March 31, 1953, pp. 535-581. ca 


it 


USing the relationship of Longuet-Higgins® for mass-transport velocity dis- 
fam 
— 
| 
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of the greater part of the sand chosen should be smaller than Dj or it will a = . 
be moved at all and should also be be smaller than I De 0 or it will move only in the E ‘ 
” From available » data,9, 10 the following field conditions for the Long Branch, _ 
ah N. J. nourishment test were determined: mean diameter of dumped sand = 0.34 | 
depth in which sand was } dumped = 38 ft, and mean slope | in Spoilarea a = 
a; ‘The most severe wave recorded (although it occurred pn 1% of the time) og 


ie a Quantitative Estimate of Onshore Transport. —From published « data on 


peor are made for the section of California coast dealt with by Mr. John- * 
Lewd average beach @ = 0.014, median sediment diameter D= 30 mm, 


* For purposes of this poner estimate the beach slope will be. assumed constant 
_ the above average value and the entire beach, including the moving sand, 


will be assumed to be of the above size. 
aor was pointed out previously (and elsewhere), ds will vary from zero 


where D = Dj toa maximum at the point on the offshore slope at which = 
a? from the breaker begins to exert forces on the moving sediment. Eqs. 7, 
«8, and 9 are not applicable outside this range. An average q,g for this range 


will be calculated and the fact that the profile is probably changing with time Me as a 


thi his defines the at which ds =0. 
~The breaker | is estimated from mad work of Keulegan!3 to be located at 


(°/ Lo 
aif 
oe oy “Restudy of Test-Shore Nourishment by Offshore Deposition of Sand, Long Branch, Pas 
New Jersey,” by R. L. Harris, — Erosion Bd. Tech. eo No. 62, Washing- a 2 ‘3 
11 “Movement of Sand Around California Promontories,” by. D. Trask, 
‘Beach Erosion Bd. Tech. Memorandum No. 76, Washington, D. C., 1955.. 
_ 12 “Beach Erosion Board Control Report on Cooperative Study of Orange County bie 
California,” Appendix’ V, Phase 16,1958, 
sh 13 “Wave Motion,” by G. H. Keulegan, Engineering —, oe wi y and Sons, 
kis New York, 1950, 
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DISCUSSION 


of these two values will be used to calculate 


av 


‘— per ft of shereltes per year ¢ or ds = 528 tons per miles of shoreline per year. 
a For the 245 miles of coastline considered by Mr. Johnson, the total — 
sediment supply by this means is, thus, only 130,000 tonsor slightly more than 
- 17% of the bed material estimated by Mr. . Johnson to be delivered emreante: by 
. must be pointed out that mechanisms, other than those considered ay 
enter the onshore-offshore transport process. In particular, the lighter sedi- — 


“& t ments are put into suspension especially in the breaker region and are carried Fs 


: offshore near mid- -depth by the return fluid mass-transport or are carried 
= -shore to be returned to sea by localized rip currents. 


most certainly be in which case one would expect higher velocities 
foregoing analysis shows that useful of wave- 
induced bed load sediment transport can now be made. 1 


‘Eval 
— 
— 
ccupied by moving sediment at any instant. 4 
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Discussion by J. R. Bowman od) 


. BOWMAN,! M. ASCE. othe 2 authors have made a significant contri- _ 
wee to the better understanding of littoral drift problems associated with the - : 
_ improvement of coastal inlets. Although a ‘remedy for every case obviously is ¥ 
not within the scope of the paper, the recognition and classification of the nat- 
ural processes involvedoffer clues to methods adaptable to io many coastal inlets — st 
that heretofore have been considered | hopeless. 
Of the several inlets treated in the paper, the writer is most appreciative 
of the problems associated with the ultimate stabilization and improvement of ee 
Inlet in eastern North Carolina. ‘This inlet is situated near | the north- 
eastern end of Pamlico Sound, a sound which has a surface area of ‘nearly 2, 000° 4 
sq miles, and which drains an area of some 25,000 sq miles in North Carolina he 
a and Virginia. The principal outlets to the Atlantic Ocean are ab tts by three 
relatively narrow and shallow inlets, one of which is Oregon Inlet. 
‘The writer takes exception to the authors’ statements regarding the 
of this inlet. % A 20-mile reach of qane barrier reefs, in which Oregon Inlet is 


has long been regarded as * 


7 


several inlets, known to have opened and closed in this vicinity between 1585 
a cS 4 and 1845. Other historical sources indicate that the present inlet was Pol 
in September, 1846; the name of the inlet is believed to have been derived from 
7 om destination of the first cargo schooner to utilize the newly opened passage. — 
~* Oregon Inlet has migrated some two miles southward since 1846, as noted — 
. “ by the authors. _ The erosion of its south bank has long ago engulfed the = 
a ¢ the first Bodie Island lighthouse, the original Oregon Inlet a tay station, 


_ result of hurricanes and severe winter storms during the past decade. cee oi 
ae authors’ stated tide range of 5 ft is somewhat misleading, inasmuch as S 


_ processes. — Tide gage records for Oregon Inlet are indicative of a mean tide fe 
ange ft and a spring tide Tange only a fraction ofa foot At Hat - 


December, 1959, by P. Bruunand F. Gerritsen. 
Engr., Tidewater Constr. Corp., Norfolk, Va. 


bat: 


— 
south of the inlet, 
— 


Inasmuch as | the imi en ae of Oregon Inlet, in relation to its land 

and water environs, is not greatly dissimilar to that of Hatteras Inlet, it ap- a 

_ pears feasible to consider it as an inlet of the - inadequate entrance type, in ac- ee 

cordance with a system 0 of inlet classification ‘suggested by Caldwell.¢ Caldwell 6 roo ’ 

assumes that this type pe of inlet | “is so inadequate that the tide range ‘in the bay Nie ey 

ay (sound) is only a small fraction of the tide range in the ocean.” Moreover, “the ie 
ea time of strength of current in the inlet will tend to coincide with the times of ‘a 
ea high and low tide because the maximum hydraulic gradient will exist through — a an 

_ the inlet at these times.” Current velocities of about 4 fps have been measured a i 


. in Hatteras Inlet under h ead differentials averaging 0.75 ft; it is not wareason- ae 


< During stormy periods, the tidal c characteristics sof the two inlets : are simi- 
/ # lar, but they differ in the direction of winds to which they are most responsive. | 

ae _ Whereas I Hatteras Inlet is particularly responsive to southeast and northwest 

_ gales, the winds that produce the greater head differentials at Oregon Inlet are ie 

_the more frequent northeast and southwest gales. Critical winds generated by he, 
tropical storms canbe expected tooccur at bothinlets once every 2 or Syears, 


_on the average, but “hairy northeasters” are expected at least once each winter. 
The critical wind directions at Oregon Inlet are aligned with the longest fetch aks 
Pamlico Sound, a distance of 70 miles. During northeast storms 
Oregon Inlet, heavy surf action is observed on ‘the uter bar and along the 
_ shore, and tides at the entrance probably reach stages of 2 ft or 3 ft above 
normal, simultaneously, the waters of the sound are driven southwestward away 
from the inlet, exposing shoals that ordinarily are submerged by 2 ft or 3 ft. 
After the passage of a small hurricane in August, 1953, during which the sound 
was s subjected to southwesterly gales for several hcurs, the writer observed 
= water marks along the sound near Oregon Inlet estimated at 10 ft to 12 ft * 
above normal sound levels. . The steep hydraulic gradients and heavy surf ac- 
tion accompanying such storms have been responsible for the more aggravat- - 


3 ing occurrences of bank erosion and of shifting and shoaling of navigation chan- 


a "Exploitation of these potentials is hampered by the lack of adequate facilities 
oe for transportation into the region. Federal and state agencies have undertaken 
immediate remedial measures involving the dredging of a deeper channel 
es _ through the inlet and outer bar (a project under way at this writing, and possi- * 
= bly the same one mentioned by the authors); and a bridge spanning the inlet to - 5 
a replace the present inadequate ferry system. The writer is not aware of any : 
; measures, in conjunction with either project, for preventing an migration 
the ‘inlet, or for ultimate stabilization of the navigation channel. ‘The con- 
clusions of the authors as to the instability of dredgedchannels as a solemeans 
of improvement of certain types of inlets apply fully to Oregon Inlet; and the ; 


= 
Ne 
> 
| 
Ba. 
‘dredging that is required to complete the current channel improvement project. 
2 «Tidal Currents at Inlets in the United States,” by Joseph 


ACASE OF CRITICAL SURGING OF A MOORED 


Ww. C. Q. JOOSTING.1— \—The author is tc te be for having 
# ‘comprehensive ow of surge theory, as far as developed to date, to the 


ies ‘harmonic (period 22 sec) of the known fundamental seiche across the harbour 
basin in question must must have been responsible for the parting of the ropes of ae 


ae The writer has been intimately connected with this occasion and would like Bs 
a _ put forward some remarks on the details of the author’s theory and some of eS 
_ the assumptions made, in the light of the more detailed knowledge available Fi 


locally as regards the conditions in the harbour in question. As a result, he 


= wishes to present a different possible explanation of the cause of the ship ¢ 

; breaking loose; in the writer’s view, it is quite likely that the excessive move- | a 

of the ship was caused by the combined actionof some 7 or 8 seiches with 
Be a _ periods in the band of about 35 sec to 120 sec, which two different models have : 


Bi Author’ s Theory and Application.—The general theory of the surging of a ay! 
ship» moored at a quay, along which a seiche is active, is now well established — a 


4 and explains c clearly the principles involved in the motion of the ship, and the 


Rovere, there are some points of major < and minor importance wh which ca call fon. 
F clarification. wt is hoped that the author will not take amiss the rather large 


=: number of questions raised. This is done to bring the theory nearer toits eed 


correct solution. ition. The points will be treated in the order in which they ‘appeal 


“ geiche in the harbour basin. On the tide gauge in that basin, only the inti | 
a be mental period of about 110 sec is clearly visible, due to the small time scale 


a a and throttling of the water duct. This seiche is already not pure as it contains 2 


_two nodes, one along and one across the middle of the rectangular basin. -§ i 
his previous work, the author2 had already found, in addition, another strong a 
it seiche, at about 99 sec (uncorrected), which was found to have one node along 
_ but two across the basin, and he, also, , gave a formula with which the periods oo 
* of seiches with various numbers of nodes in either direction could be calcu- 
: lated. Later model work by the writer, and confirmed by similar tests by a ae 


French firm, that the combinations given in Table 1 exist in 


Dist. Engr., Research, South African Railways. = = = | 
2 ~ “Origin and Effects of —% Period Waves in ] Ports, ” by B. W. Wilson, XIXth eg % 
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4 constitution than those assumed to exist by the author. ~~ corteneey — 
b. The author states that he has conjectured the amplitudes various 
harmonic waves as shown in Fig. 7(b). Here two matters arise: a 

_ The amplitudes of the fundamental 110 sec seiche appear to be mace indi- a ve 
_ cated by the tide gauge. However, this gauge 1 is located at a distance of sever - a 7 

: . be a measure of the seiches at the berth in question. Now, , the model tests ie 

have shown that the wave height in that corner is about 40% greater than that ey 
at the tide gauge position, , in respect of the 110 sec seiche. Accordingly, the Re 


4 =H wave used in be taken larger that amount. 


in seconds 


On the other hand, it would to the writer that ‘the wave e heights as 
sumed for the harmonic seiches are a little on the high side. The author gives, ei 
. Fig. 7(b), a ratio of the fundamental and 2nd and 5th harmonics of | about 
: 0.75 : 0.55. . It is not stated on what basis these heights were adopted; the : F ‘ 
South ‘African ar and French 1 model tests Show that operation with a constant 
F put wave height at the wave generator results, due to the layout of the harbour, — 
its protection by the breakwater and the position of the entrance to the basin Bi. = 
_inapproximate direct proportionality between the heights of the main resonance ee — 
peaks and the wave period. Consequently, it is thought thataratioof 1: 0.5: 0.2 
would have been more appropriate as a likely assumption. : 
a But in that case, the fifth harmonic would become too small to be responsi- i — 
= ble for excessive movement of the ship so that the author’ S conclusion would | 


Cc. . The author’s geometrical d deductions a as to the tension- extension charac - 


to approximately equal stresses at the relatively small movement of 

ship at docking ? ‘This would reverse the author’s assumptions as to the rela- \ 
tive slacks: (1) and (2) would have the least and (4) the greatest slack instead _ ; 
of vice- -versa; all three curves would intersect at a point of e of 


4 tons, at a ship deflection of, say, 1.3 ft. SO. SC - 


ne d. In the development of the equations of motion (Eq. 12), the uses 
the mathematical euetrnction ¢ which has the dimension of a velocity and, as 


tou 
Pie 
Pay 
—_ TABLE 1.—MAIN RESONANT SEICHES IN HARBOUR BASIN | 
ix 
— i — 
4 E 
“4 
g. 4, it would seem that the markings of the lines for moorings (1), (2), and 
) # = ~ In the same figure, it is seen that at thetime of docking, due to the assump- = 4 j be lm 
sntions made in respect of the relative slacks at the three mooring positions, 
Pa i i: the back-springs (4) take almost all the strain consequent on movement of the im 
— 


cS a by using the factor t/o In that case, Eq. 16 would become, with { 


sin kb... 


in H is the of the horizonta water at the of 
££ the seiche, and H', consequently, denotes the actual horizontal “driving” am- 4 
- plitude, , corrected aul depth of immersion of the ship, its length and its position 
The writer considers that, to be. fully correct, another correction factor 
should be added to Eq. 16(a) in order to account for the fact that the seiche is __ 
* disturbed by the pro proximity of the ship to the quay and the seabed; ; however, no h F 
suitable values seem to be available as yet for this factor which canonly be a 


_ termined experimentally deg re ad of avert 


a f. As regards the i influence | of the ship’s length, the author’s factor as 
- relates to the influence of the acceleration of the water past the ship only. But 


_ this influence is small (Cy - 1 ~0.16)as compared with that of the slope of the 
wave on which the ship rides down, which is the main driving force. With a 
‘ship as long as the 1 = 7), this factor would become zero, which is ob- 


Ship is pushed while the other half is pulled so that it cannot 


in the horizontal lane. _ This is shown clearly in Fig. 1. > eae 


1, ona AT NODE 


position is only reached with a ship that is ‘considerably 
- ; a longer thanthe seiche wave. The full formula was published elsewhere? by the © 
ler 3 years ago. However, the acceleration of the water had then been tak- ® 
en at fuli value (Cy : =2) while later developments have shown that it only acts cg 
to the extent of (Cjq - 1~0.16). The correct factor for the influence of the — 
sin k ‘kl - k1 cos k1 
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with a ship as long as the wave and the author’s value C= = 1.16, the factor | 

om = 0.262 which is anything but zero. Similarly, the horizontal po- 

_ Sitionof the ship is s obtained when the effective length of the ship is 1.362times | . 

lo factor is represented in Fig. 2, asa function of the ratio between the 
effective length of the ship and that of the wave, with Cm = 38, which includes 
g the effect of the proximity to quay and seabed and would seem to cover most 

h. author puts forward Eqs. 19 to prove that the ship was inevitably 

_ prone to surging. In Eq. 19(i), apart from the fact that this condition an 


the author uses the — 


‘3 
= 


obtai ed — = 10.0, meaning th: that the 10th harmonic ‘wave ‘(period il 
would n ‘not contribute to surging of ship. In write r’s opinion the state- 


ment should rather be ships are inevitably prone to surging, except 
a those partots for which Eq. 19 give a value in the vicinity of an integer n il 

i. Eq. 20(i) would have to be corrected to fit the writer’s Eq. 1. Values of < 


7 P greater than unity need hardly be considered as then k 1 becomes lar 


that SVE" becomes small with, consequently, little action on the shi i 


: j . Itis not clear how the author - obtained a a cosine a in 1 Eq 


ed by 90° to get the correct relationship between the ship movement and that = | a 


— — 
— 
in the calcu all length thatin this 
is used in the over to 15% so tanath 
h whict rence wi 
q 
— 
— 
— 
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properties of the ship, the moorings andthe water, 
Eq. 22, apart from the prior - ~mentioned shift by 90°, seems to contain containan 
error; as given, the phase angle is permanently tan a 1 = -0c, when the damping 


neglected (2B> 0), as is done in the calculations. The 


should r read: wes A a 
However, with the sine denction: 2), the correct phase angle—that be- 
; tween the horizontal movements of the ship and water—is given by: — 


n 


This i is i in n agreement with the shase angles for normal linear spring systems s 4 


= - ties From Fig. 7(a), the amplitude of the 110 second seiche, at the time of 
= response at noon, was 8 in. At the corner of the basin, as explained _ zs 


above, its amplitude would be 1.4 x 8 = 11.2 in. The fifth meats as stated of 


es 3 the fifth harmonic of the seiche mieek the sea wave exciting it was about twice > 2 
as high as the: fundamental 110 second wave, which seems highly 


"Alternative Solution to Problem. —In view of the foregoing, supported ‘the 
ee experience | that ship surging, generally, does not seem to contain much 
i ‘movement at periods of less than about 30 sec, the problem has beene examined | 4 
again andit has been found that, in this particular case, it may well be that the 4 
_ ship broke loose due to the combined action of several of the ane period ~ 


a. Of course, once a few ropes had parted, the maximum response of the shi 

ay Lies shifted to slightly larger periods with an increase in the maximum tension per 

“Hae ae Tope, so t that then only one or two periods, probably between 30sec and 40 sec, 

es. may have been responsible for the inability to re-moor the oS ae 
For clarity, the basic response Eq. 3 is given here once more, using the 3 
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where, in addition to the author’ s notation c, denotes the Socten for exponential 
eee™ = 1/A(n), Ch is the factor for proximity to quay and seabed = ~ 1.2, ¢} “a 
is the factor for length of ship = = Eq. 1, 2. ol queen the factor for position of iv 


- ship = sin kb, A is the amplitude of seiche in corner of basin, and H' denotes. eid 


‘the effective amplitude of horizontal water movement. 
‘Strictly speaking, the: proximity of the ship to quay and seabed will have a 
different influence ok the water acceleration and wave slope, respectively, but 
no separate values are available. It would that cp = 1.2 could 


as previously 2 was: found that, in the basin in 


= 27 cq ro, where the of the 106 sec discernible 
on ‘the tide gauge, To its period and cag = 1.4 _to account for the difference = 
of the — 


aitesw) 
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SPONSE curves, al 


Fe 


can ia te very closely rey represented we Cy = 1 +0. 2 


SEA ‘The values of the other quantities are, as given by the author: Cy = 1. 16; vat 
od = 43 ft; g = 32.14 ft per sq sec at the latitude of the harbour, and M = 560 tons 


sq sec per ft . The values c and 1 Cp have to from their respective 


ihe 
val 4 
 &§ 
a # 
gg — 
Pa 


_ Thes solution will be developed for the conditions at the time the ropes began 
parting, that is 10:30 a.m. From the author’s Figs. 4 and 5 the er a 
ship amplitude relation—can be assessed at approximately: bat sg 


‘in which Ag =cc Aj is now the effective water amplitude indicated by the se 
‘gauge in respect of ee fundamental 106 sec seiche, corrected for a i 
_ Fig. 3 shows the relationship between the mooring forces Ry and the and theperiod 
_ Tof the seiche at various effective seiche amplitudes A, fromOfttolft. 


a the effective water amplitude Ae can be found " ron the fact see 
the time of parting of the ropes, the fundamental seiche indicated on the tide 


gauge had an amplitude of about Ag = 0.5 ft, as shown in Fig. ble as we cor- 
in rections to be applied for the various seiches are listed in Na a 2 as well as 


a 


Nodalit ity 


periods g gives the various forces which would be obtained if each seiche 
_ were acting alone. It is seenthat only the longer periods cause relatively large a 
forces; the short periods lie below the maximum response conditions. 


eS If the forces, _ due to the various seiches, are added together, a total force 


_ of about 390 tons is obtained. However, it must be considered that all the an 
i ponent movements are hardly ever in phase with each other. It would seem 
reasonable to expect that surges on the moorings of about half this ‘maximum, 
195 tons, can be expected fairly frequently at the appropriate moments. Now, 
since there are the equivalent of 12 coir ropes of 18 in. holding the ship in ech, 
3 _ direction, the average surge force per rope would be about 16 tons. badT .ean7 2 
Considering the influence of age, distribution a and unequal response of the 
moorings, a mean breaking strength of 15 tons can be taken as as reasonable, as 
Bee B the author under the heading “Elastic Properties of the Mooring © 


Ropes,” So th that it quite possible that parting of the ri ropes was initiated a 
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per rope. addition, the moving liquid load of the tanker may 
_ As a matter of interest Fig. 4 has been compiled, svt the response | con- 
sprrnsy with the same basic values except that the moorings are assumed to 
have 1 ft more slack, so that R,, = 6.9 5 represents the approximate moor-_ 
sell It is seen that the periods of maximum response now lie at somewhat high- ae 
SHIP RESPONSE re SURGING. 
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we, 


PERIOD OF SEICHE 


— a little. The effect of the shift in the maximum response periods is. 
. that the 34 sec and 36 sec periods do not contribute any more. me, the same es a 


forces. The net result is that the 50% total force is about the same as  before— 
a 192 tons or 16 tons per rope—at the time of ee ee 
At noon, the time of maximum surge conditions, the water amplitudes were 

still not high enough to cause any shorter _periods to have any influence; “SG 

total 50% force then became 245 tons or 20 tons per rope which is some im- , 


provement on the 24 tons | with tauter ‘moorings. Under \ conditions, it 
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